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Abstract
Alkali Silica Reaction (ASR) is a chemical reaction between reactive siliceous
aggregates and the alkali hydroxides present in the pore solution of hydrated cement
paste in concrete. The chemical reaction produces ASR gel that is hygroscopic in
nature and is volumetrically unstable in the presence of moisture. Expansion resulting
from the swelling of the gel creates tensile stresses in the concrete leading to cracking
and distress.
While ASR distress has been known to occur in concrete for over last 70
years, there has been an increase in the frequency of this distress in recent years.
This is primarily due to a combination of four factors. Firstly, marginal aggregates
are increasingly being used in concrete due to shortage of good quality aggregate,
particularly in urban locations where development of new source of aggregates is
restricted. Secondly, the alkali content of cement has gradually increased over last
two decades due to increased environmental regulations on the emissions from cement
industries. Thirdly, the existing test methods employed to evaluate the reactivity of
aggregates are not entirely effective with different rock types. Lastly, the development
and use of new types of alkaline chemical deicing agents on concrete has created a
hitherto unanticipated situation.
Among the first defenses to combat ASR is an effective test method to screen
reactive aggregates. Screening of aggregates for their reactive nature has been con-
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ducted by several laboratory test methods available in the concrete industry, but none
of them have proven to be very reliable to assess the reactive nature of all the ag-
gregate types accurately. Among the several tests available, the Accelerated Mortar
Bar Test (AMBT) method is widely used, followed by Concrete Prism Test (CPT).
The AMBT method suffers from high variability in test results and has the potential
to mischaracterize a good performing aggregate as reactive. Also, recently a variant
of this test method (EB-70 protocol) to evaluate impact of deicing chemicals on ag-
gregate reactivity was introduced through Federal Aviation Administration (FAA).
However, poor correlation between the results of deicer-based AMBT and the stan-
dard AMBT has required additional investigation to develop better test procedures.
The CPT method is more reliable than AMBT method, however it take a long time
to complete and is considered to impractical from field perspective.
This thesis describes research conducted to improve existing test methods to
better characterize the aggregate reactivity. The three principal objectives of this
study are:
1. Determine the impact of re-sizing coarse aggregates to meet the gradation re-
quirements of ASTM C 1260 test method in assessing the reactivity of the
aggregates.
2. Develop a better test method to evaluate the reactivity of aggregate in presence
of potassium acetate deicing chemical.
3. Decrease the length of ASTM C 1293 test method in assessing the reactivity of
the aggregates.
The first objective of this study is to study the impact of processing coarse aggregate
(i.e. crushing, sieving and washing) on its reactivity. One of main factors that
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could be affecting the reliability of the AMBT method is the aggregate gradation.
When coarse aggregates are to be evaluated in this method, it needs to be crushed
and processed. In processing the coarse aggregates, the distribution of the reactive
siliceous phases in the aggregate can be significantly altered relative to the surface of
the aggregate particles, thus affecting the reactivity of the aggregate.
Aggregates depending on their source and formation have different mineralog-
ical phases and consequently the reactive nature of silica present in those aggregates
differs. The size of an aggregate plays an important role in evaluating the ASR po-
tential of aggregates, as the presence of reactive silica and the ease of availability to
surrounding alkali’s to cause the reaction determines the initiation of the reaction
and potential of aggregate and concrete to crack with age. To investigate the effect
of aggregate size in the AMBT method 4 different reactive aggregates were used rep-
resenting a wide variety of mineral composition. SEM and EDX mapping techniques
were employed to confirm the presence of variety of elements in the mineral struc-
ture and the variation between different aggregates. Each of these aggregates were
crushed, sieved and batched according the standard ASTM C 1260 gradation. Each
fraction of the ASTM C 1260 gradation was replaced with 20% reactive aggregate
and 80% non reactive to meet the total mass requirements for the test. The cement
to aggregate ratio was increased to 1:1.75 for ease of workability. The mortar bars
were prepared and kept in 1N NaOH soak solution at 80 ◦C for 28 days and expansion
readings were measured at regular intervals. The results showed that each individual
aggregate size had different levels of expansion and the size factor is predominant in
evaluating ASR potential of aggregates.
The second objective of this study is to evaluate the effect of deicers on ag-
gregates in the AMBT method 16 different aggregates were used that represent ag-
gregates with different mineralogy. In this study, the standard ASTM C 1260 test
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method was adopted along with 3 different versions of the deicer-modified AMBT
methods. These included AMBT protocols with three different soak solutions - 6.4M
potassium acetate soak solution, 3M potassium acetate soak solution and combination
of 3M potassium acetate + 1M sodium hydroxide soak solution. Of the 3 methods
evaluated the combination solution of 3M potassium acetate + 1M sodium hydrox-
ide proved to be most effective test method to evaluate aggregate reactivity in the
presence of deicing chemicals. SEM and EDX were used to confirm the presence
of ASR gel and study the deleterious behavior of ASR gel. The third objective of
this research study is to investigate the possibility of decreasing the duration of CPT
method by pre-saturating the aggregates with alkali solutions to increase the pace of
reaction mechanism. However, in order to investigate the concept of pre-saturating
the aggregate, ASTM C 1260 test method was considered due to its shorter test
duration.
In this study, the standard ASTM C 1260 test method was modified by pre-
saturation of aggregates with 1N sodium hydroxide for 24 hrs and then the standard
procedure was followed in preparing and using the aggregates. The results from
this study indicate that the modification of aggregates by pre-saturation with 1N
sodium hydroxide did not provide any better results at 14 days age compared to
the standard ASTM C 1260 test. However for some highly reactive aggregates 3
and 7 day mortar bar expansions were higher compared to standard test. The pre-
saturation of aggregates with deicer solution was also adopted, but the presence of
deicing chemicals did not allow the cement hydration reaction and the mortar bars
were not cured and set.
In this Thesis, based on the research studies conducted it is clear that aggre-
gate size plays an important role in determining ASR potential of aggregates in the
AMBT method. Thus it’s appropriate to use the aggregates in their natural available
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state and no fine crushing of aggregates should be done for employing in the test
methods. Aggregates with wide range of mineralogical content behave differently on
exposure to different deicer soak solutions. Thus it is beneficial to screen the aggre-
gates with combination of alkali and deicer soak solution to assess their reactivity
potential. However, further petrographical investigations on aggregates would clarify
the presence of deleterious silica, and aggregates can then be grouped based on their
reactive silica phase content and different ASR mitigation measure can be suggested
for each group of aggregates.
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Chapter 1
Introduction
1.1 General
Alkali Silica Reaction (ASR) is a complex phenomenon occurring in portland
cement concrete that leads to distress and durability problems in concrete structures.
This phenomenon was first discovered by Stanton [Stanton, 1940] in the late 1930’s.
ASR is a chemical reaction between reactive siliceous aggregates and the alkali hydrox-
ides present in the pore solution of concrete and the hydrated cement paste, the reac-
tion product results in a gel formation which is volumetrically unstable, called ASR
gel [Mindess et al., 2003]. This gel is hygroscopic in nature [McKeen et al., 1998] i.e.
with the absorption of surrounding moisture the swelling of gel takes place and the
volume of gel increases in the confined pores of aggregates, this increase in volume
of gel exerts stresses on the aggregate and when the stresses exerted overcome the
tensile strength of aggregate/concrete cracks are formed, which are eventually trans-
ferred to the surface of concrete with age, thus disrupting the concrete and decreasing
the durability of concrete. This phenomenon is observed worldwide, map cracking
pattern is a visual way of identifying ASR distress in concrete structures.
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The size and gradation of the aggregate is an important parameter that affects
the ASR distress mechanism [Zhang et al., 1999], as the dispersion of reactive silica
in the aggregate mineral’s matrix defines the reactivity potential of the aggregate. In
simple terms, it’s the time taken by the alkalis to penetrate the concrete matrix and
reach the reactive silica particles to start the alkali silica reaction, thus forming the
ASR gel.
Recent investigations by Federal Aviation Administration (FAA) on air-field
runway pavements suspects that, the deicers used for anti-icing and anti-freezing have
an potential to cause ASR distress in air-field runway pavements, the research findings
[Rangaraju and Olek, 2007b] confirmed that potassium acetate based runway deicer
have a tendency to cause ASR and aggravate the distress mechanism for premature
deterioration of concrete pavements. Some deicers with presence of acetate-based
and formate-based compounds also accelerate ASR distress mechanism due to the
formation of Ca-acetate and Ca-formate complexes with the portlandite from cement
pastes [Giebson et al., 2010].
In general, ASR mechanism is a complex phenomenon, and to understand
the cause and potential of this reaction, each individual parameter that affects the
reaction have to be studied and solutions to mitigate the reaction have to be provided.
1.2 Problem Statement and Research Significance
The durability problem of ASR in concrete can be identified by various pre-
evaluation test on aggregates and post evaluation tests on concrete samples. There
are also few non-destructive tests to identify ASR in concrete. But all these tests
have their own limitations and the parameters used to arrive at the conclusion of
identifying ASR phenomenon varies from test to test. This research study focuses
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on the pre-evaluation tests on aggregates (i.e. to evaluate the potential of aggregates
to cause ASR in concrete structures). In particular, the ASTM C 1260 accelerated
mortar bar test method is adopted and selective parameters that affect the test are
evaluated.
Aggregate size, the size range of aggregate gradations used in ASR evaluation
varies from test to test, and thus the effect of aggregate size on ASR potential of
aggregates has never been given importance in these tests. For the same reason,
some aggregates are been proven to be reactive in one test behave as non reactive in
other tests and vice versa. This creates a dilemma on using these tests and validating
the test results. In this thesis, each size range of aggregate gradation in ASTM C
1260 test is evaluated and individual expansions of aggregate sizes are studied.
Soak solution composition, the soak solution used in the standard ASTM C
1260 test is 1 N NaOH solution. The purpose of using soak solution is to provide
sufficient alkalis around the mortar bars so that the alkalis diffuse through the cement
paste and reach the reactive aggregates to trigger the alkali silica reaction mechanism.
This occurs for most of the external sources of alkalis that act on concrete structures,
the other common source in practice of applying alkalis to the cement concrete pave-
ments is by deicing chemicals. FAA’s research, on deicing chemicals used on air-field
pavements, observed that deicers have an potential to cause ASR in concrete pave-
ments, this research led to an existence of new test method which is a modified version
of ASTM C 1260 test that uses 6.4M KAc deicer as a soak solution instead of 1N
NaOH. This test is also known as EB-70 test method [FAA, 2005](Engineering Brief
No. 70 for the construction and operation of portland cement concrete airfield pave-
ments exposed to airfield runway deicing chemicals). The EB-70 test method when
compared to ASTM C 1260 test method for the same set of aggregates showed am-
biguous results, as some aggregates that were reactive in ASTM C 1260 tests were
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proved non-reactive in EB-70 and vice versa. Recent research on deicers showed that
the mechanism in the presence of deicers is based on the activity coefficient (γ) of
the pore solution, so the better approach would be to use a combination solution.
In this thesis, further investigation on EB-70 test method was analyzed to develop a
test method that can evaluate the effects of both alkali solutions and deicers that can
cause ASR in aggregates.
1.3 Objectives of the research
The objectives of the research studies conducted here is to investigate:
• The effect of aggregate size and gradation on ASR expansions for the mortar
bar test.
• The effects of combination soak solution to evaluate the reactivity potential of
aggregates to cause ASR mechanism in presence of alkali solutions and deicers.
• The influence of deicers to cause change in pH of the pore solution and con-
sequential effects (pH jump due to activity coefficient, γ) that lead to ASR
distress mechanism.
• To improve the utilization of Concrete Prism Test (CPT) to obtain faster results
by decreasing the test duration. This concept was evaluated by presaturating
the aggregates with alkali solutions and testing them for thier potential reac-
tivity.
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1.4 Scope of the Research
The scope of research is limited to use of selected materials and various stan-
dard and modified test methods. The selected materials include aggregates, portland
cement, reagent grade sodium hydroxide (NaOH) and potassium acetate (KAc) de-
icer. The aggregates selected for the research study were from different parts of the
USA that are used by state DOTs, a total of 30 different aggregates were selected
depending on their mineral content and to represent various levels of alkali-silica reac-
tivity in laboratory and field performance. One aggregate, Spratt, was selected from
Canada.
The cement used was high alkali cement (Type I) with a Na2O equivalent
of 0.82% (Na2Oeq) and an autoclave expansion of 0.12% for 11 aggregate sources,
and low alkali cement (Type I) with a Na2O equivalent of 0.31% (Na2Oeq) and
an autoclave expansion of 0.08% was used for 5 aggregate sources in this study. The
alkali content of the cement in ASTM C 1260 test does not affect the 14 day expansion
results as the mortar bars are subjected to 1N NaOH soak solution; which is higher
than the alkali content of cement. Thus the aggregates are not categorized based on
the type of cement used.
The standard ASTM C 1260 test method was used to test the reactivity po-
tential of aggregates; small modifications were made to the standard test method
by changing the aggregate gradation and cement quantity in the mortar mix and by
changing the soak solutions for submerging mortar bars in the test. The standard
ASTM C 1260 test method uses the aggregate gradation from sieve sizes #4 to #100,
with intermediate size fractions of 10%, 25%, 25%, 25% & 15%. For the mofidifed
test method each size fraction was kept constant 20% by mass. The modification
made was each size fraction was replaced with 20% reactive aggregate and remaining
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80% by non reactive aggregate. The cement to aggregate ratio was increased from
1:2.25 to 1:1.75 to compensate for workability problems.
Numerous deicers are available in the market based on their applications. In
this thesis, the deicers study focuses on the influence of potassium acetate based
air-field runway deicer ”Cryotech E-36” in evaluation of alkali-silica potential of ag-
gregates. For the standard test the soak solution used is 1N NaOH where as for the
modified tests 6.4 M KAc, 3M KAc and combination of 1N NaOH + 3M KAc were
used.
To decrease the standard ASTM C 1260 test duration, pre-saturation of ag-
gregates was done by soaking the aggregates in 1N NaOH solution for 24 hrs before
casting the mortar bars. This method was also adopted to soak aggregates in 6.4M
KAc solution. The idea of pre-soaking the aggregates in alkali solutions was to pro-
vide sufficient alkalis to the aggregates before using them in the mortar mix; this
would increase the rate of diffusion of alkalis into the aggregates and increase the
reaction rate, which would eventually increase the expansions at early age to meet
the expansion limits and decrease the overall test duration.
1.5 Organization of the Thesis
This thesis is written in five chapters, and each chapter is related to each other.
Chapter 1 is an introduction to this research study and states the problem statement
and significant need for this research study. It also defines the principal objectives
and scope of this study.
Chapter 2 is literature review of the past studies and state-of-the art on the
ASR durability issue in general, its mechanism and standard test methods used to
test ASR distress mechanism. This chapter also discusses the various modified test
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methods used in this study and their pros and cons.
Chapter 3 discusses the materials used and test methods (standard and mod-
ified) adopted in this research study.
Chapter 4 his chapter deals with the results of the various tests (standard
and modified) presented in chapter 3. This chapter also presents the analysis and
discussion of the results.
Chapter 5 concludes this thesis by fulfilling the objectives laid out in chapter 1,
and draws conclusions to the principal findings in this study. Based on the principal
findings, recommendations for further research are provided for the benefit of the
reader.
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Chapter 2
Literature Review
2.1 General
This chapter discusses the literature review related to the concept of Alkali
Silica Reaction (ASR) mechanism occurring in concrete structures, the basic theories
related to the reaction mechanisms of ASR, and different parameters influencing ASR
mechanism. This chapter mainly focuses on the background of the standard mortar
bar test method ASTM C 1260, and selective parameters that affect the performance
of this test method. The research related to developing or modifying ASTM C 1260
is vast, hence selective parameters that affect the tests are evaluated. The chapter
also discusses the affects of deicing chemicals on concrete pavements and airfield
runways for the durability of concrete with specific focus on the potential of deicers
to cause ASR. The research related to the influence of deicers on concrete pavements
is relatively recent and research related to the modifications is limited. However, this
chapter cites this limited research and its findings along with the various modified
test methods used to evaluate aggregates for their ASR potential.
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2.2 Alkali-Silica Reaction
Alkali-Silica Reaction phenomenon is a distress caused in concrete structures
by a reaction between the reactive silica phase aggregates and available alkalis from
the cement paste, and/or other external alkali sources. The reaction product is an
alkali-silicate gel that absorbs water and increases in volume. The reaction can start
inside the aggregate pores or on the surface of the aggregate itself. If the reaction
starts inside the aggregate pores, the gel formed can cause internal stresses among
the aggregate and eventually crack the aggregate as it grows. If the gel is confined
by the cement paste, it builds up pressure as it grows causing internal stresses and if
these internal stresses are greater than the tensile strength of concrete it would even-
tually crack the concrete. The quantity of gel produced and the increase in volumetric
pressures are variable and are dependent on various factors like viscosity of the gel
and gel composition, availability of moisture, amount of reactive silica phase in ag-
gregates, availability of alkalis from internal and external sources, temperature. The
visual identification of ASR distress in concrete structures are closed spaced polyg-
onal cracking called ”Map Cracking”, also spalling of concrete surface as ’pop-outs’,
displacement of concrete at micro level expansions leading to cracks and consequent
misalignment of structural elements at macro levels, and extrusion of gel through
the cracks or its presence in the fractures and/or aggregate particles [Poole, 1992].
ASR was identified in a wide variety of concrete structures, including large dams,
ship locks, parking decks, pavements and other concrete structures, all over the world
since its initial discovery by Stanton [Stanton, 1940] in 1940, in highway structures
in California.
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2.3 Factors influencing ASR mechanism
ASR mechanism is based on 3 main factors that are widely accepted as the
root cause of the reaction; they are as follows:
1. Sufficient Alkalis (pH of the pore solution).
2. Reactive silica in aggregates (inadequate silica crystallization with free Si−O−).
3. Availability of sufficient moisture.
If one of these conditions is absent, ASR cannot occur.
Sufficient Alkalis: The availability of sufficient alkalis in cement concrete is
an important factor to trigger the alkali silica reaction, as the abundant presence of
alkalis in the concrete and the ease of access to the reactive silica near the aggregate
surface defines the rate of reaction and the deterioration of concrete. The alkalis that
are accessible to trigger the ASR in concrete can be from any of the following sources
such as portland cement, Supplementary Cementing Materials (SCMs), Certain types
of volcanic aggregates (esp. basalts and volcanic glass), Chemical admixtures, Alka-
line Soils, External sources (seawater and deicing salts). These salts are a common
source for external alkalis on highways, airfield pavements and structures exposed to
sea water.
Reactive silica in aggregates: Aggregates are termed to be ’reactive’ de-
pending on the particular form of silica (crystalline or amorphous) present in its
structure. Stanton in early 1940’s found opal and chert to be the common forms of
reactive silica found in aggregates. Various forms of silica have different levels of re-
activity depending on the degree of crystallinity, internal porosity, crystallite size and
internal crystal strain [Mindess et al., 2003]. This was also observed by (Sarkar et al.
2004, Swamy 1992) that aggregates with high silica (SiO2) content are not necessarily
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reactive in nature. The silica in crystalline form is SiO2 i.e. each oxygen ion is bonded
to two silicon in order to achieve electrical neutrality. In the reactive aggregates due
to inadequate silica crystallization the bonds between oxygen and silicon are broken
on the surface resulting in negative charges (Si−O−) that are unsatisfied (Prezzi et
al. 1997). Some reactive aggregates do not exhibit maximum expansion unless the
aggregate is present in a critical range. This critical range or proportion of reactive
aggregates required for the maximum expansion to occur is called the ’pessimum pro-
portion’ (opposite of optimum). The pessimum percentage depends on the form of
reactive silica, the degree of alkalinity and w/c ratio and may range from 2% to 10%
but can be as high as 100% for some aggregates [Mindess et al., 2003].
Availability of sufficient moisture: Moisture (H2O) is present in cement
concrete in the form of pore solution with alkali impurities suspended in it, the mois-
ture acts as a migration medium for the alkali ions to reach the reactive free Si−O−
once the aggregate structure is broken down by the reaction. The alkalis ions diffuse
through the moisture present in the pore solution resulting in a reaction and forma-
tion of alkali silicate gel, the gel has a tendency to attract water molecules due to
osmosis and with the abundance of moisture the gel increases in volume ”swelling
effect” causing local tensile stresses in concrete, and eventually cracking the concrete.
ASR mechanism when explained with chemical reactions and end products; is a two
step process:
Step 1: Silica + Alkali = Alkali-Silica-gel (Sodium Silicate)
SiO2 + 2NaOH +H2O = Na2SiO3.2H2O (2KOH can replace 2 NaOH)
Step 2: Gel Reaction Product + water = Expansion
According to a research study, a relative humidity (RH) of at least 80% is
essential for ASR to propagate [Chatterji, 2005]. At RH of 80% or greater the ASR
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gel expands and further exerts tensile stresses on concrete. However, RH as low as
73% has been reported to cause expansions due to ASR according to (Olafsson, 1992)
2.4 Parameters affecting ASR test methods
Field performance history is the best method to evaluate the potential of an
aggregate to cause ASR. To replicate the field performance of aggregates various test
methods have been developed and correlated to the field performances, however to do
so some assumptions have been made in each test method and basic test parameters
that affect the test have been analyzed. Among the numerous test methods pre-
scribed for assessing alkali-silica reactivity, ASTM C 1260 has become the preferred
test method because of rapidity of the test procedure [Shon et al., 2002]. However,
there are general concerns about this method to correlate to the field performances.
The test parameters that are used in ASTM C 1260 test method are dimensions of
mortar bars, water-cement ratio, aggregate-cement ratio, aggregate gradation and
size range percentage, curing temperature and soak solution. Various researchers
have evaluated the functionality of the mortar bar test method by modifying some
of the test parameters such as water-cement ratio, type of cement and alkali content,
aggregate gradation and size effect, normality of test solution, length of test period,
and curing.
Starting in early 1970’s, Diamond and Thaulow [Diamond and Thaulow, 1974]
studied the effect of reactive aggregate gradation size in the range of 125µm to 20µm
on the mortar bar expansions, their investigations using opal as a reactive aggregate
in 7 different size ranges in mortar bars with high alkali cements yielded higher ex-
pansions for all size fractions, and for intermediate size fraction of 30µm to 20µm
the expansions were comparatively higher to the order of magnitude being up to
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2.5 %. They also observed that the reactive aggregate fine size particles expanded
rapidly with higher expansions compared to coarser size fractions which expanded
slowly with lower expansion levels. Similar results were found [Zhang et al., 1999]
using quartz glass by Chinese autoclave method, they observed for siliceous aggre-
gate, the smaller the size, the greater the expansion of ASR is when the aggregate
size is within the range of 0.15-10 mm. The smallest fraction in the range of 0.15mm
to 0.80mm yielded maximum expansions. Zhang also modified the test by changing
cement/aggregate ratio and he observed that as the reactive aggregate size is in-
creased the cement/aggregate ratio that reaches the maximum expansion decreases.
So Zhang recommended using a single-size aggregate gradation for testing ASR. The
idea of using single size aggregate gradation was studied (S. Multon et. al., 2007)
using siliceous limestone with two different aggregate size range fractions; coarser
particle sizes (1.25-3.15 mm) and smaller ones (80 − 160µm). They observed that
ASR-expansion was seven times larger for coarse particles (1.25-3.15 mm) than for
smaller ones (80 − 160µm). Multon also tested the quantification of alkali soluble
silica on the different particle size fractions, the results showed that all the reactive
particles contained almost the same amount of reactive silica. Therefore, this factor
did not cause the differences in the swelling behavior of the mortars containing the
different size fractions. These observations by Multon et. al. were contrary to that
of observed by Diamond, Thaulow and Zhang. The reason being all different re-
searchers used different type of aggregates with different reactive content and mineral
composition for testing ASR.
The research carried out in this thesis is most similar to that done by Ramyar,
where in the alkali reactivity of various size fractions of the aggregates was investi-
gated using ASTM C1260 mortar bar test method [Ramyar et al., 2005]. Ramyar
concluded that the intermediate size fractions (25%) expanded more compared to first
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and last fraction (10% and 15% resp.). Ramyar in his comparative study of crushed
and uncrushed aggregate size fractions observed larger differences in expansion levels
between mixtures containing crushed and uncrushed aggregate of specific size frac-
tions of intermediate grain size, at 25% reactive aggregate content. This may be
due to higher expansion potential of intermediate size fractions of crushed aggregate
compared to the uncrushed aggregate. Also one more reason being the 25% reactive
aggregate content being higher than the 10% and 15% reactive aggregate content,
which may yield higher expansions for intermediate size fractions. In this thesis for
the research carried out the reactive aggregate content was kept constant to 20% by
total mass of the aggregate content.
To study the role of alkali content of portland cement on the expansion of mor-
tar bars containing reactive aggregates (Medhat H. Shehata et. al. 2010), proposed a
modified version of ASTM C 1260 test method, in which, the alkali content of mortar
bar was kept constant to that of the soak solution, this was done by adjusting the
alkalinity of a soaking solution to reflect the alkali content of the portland cement
(PC) used in the mix, following the relation:
OH− concentration of the soaking solution (mol/ L) = 0.70 Na2Oeq of PC (wt%).
The results found were promising in terms of predicting the 2-year expansions
of concrete prisms (ASTM C 1293) containing supplementary cementing materials
(SCM) and PC of different alkali levels. The test was also effective in determining the
safe PC’s alkali levels for concrete with no SCM. Chang-Seon Shon [Shon et al., 2002],
did an extensive work to evaluate the functionality of ASTM C 1260 test method
by modifying some of the important test parameters such as water-cement ratio,
normality of test solution, length of test period, curing and combinations of high- and
low-alkali cement simultaneously. The results found were despite nominal difference
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in alkali content of high- and low-alkali cement; there was recognizable effect on the
rate and amount of expansion of mortar bars, the mortar bars with higher w/cm
ratio, and kept in stronger alkaline solution produced greater expansion irrespective
to the type of fly ash used. The curing duration from 14 days to 28 days was found
beneficial and reducing the normality of the NaOH test solution to 0.5 N would closely
approximate field conditions.
2.5 Deicer effects on ASR mechanism
Deicers have a long history of being used on air-field pavements as an effective
method for surface deicing and anti-icing phenomenon, and is widely accepted by the
aviation industry. However, the same deicer as an external source of alkalis, as proven
by other researchers (Lee et al.1997, Wang et al. 2005, [Rangaraju et al., 2005] has
the potential to bring alkalis into the concrete matrix, further which increases the pH
(alkalinity) of pore solution and reacts with the reactive silica present in the aggregates
causing alkali-silica reaction. There are several different types of deicers used based
on their applications such as chloride based deicers (e.g.: sodium chloride and calcium
chloride) for highways but chloride based deicers are found to be corrosive in nature,
magnesium based deicers (e.g.: magnesium chloride, magnesium acetate and calcium
magnesium acetate (CMA)) are mostly used on regular pavements these magnesium
based deicers have less corrosion effects and low environmental impact, but they
are not used as airfield runway pavements deicers because of their ineffectiveness at
very low temperatures and they are not cost effective, due to concerns and problems
faced by these traditional deicers; the alkali-acetate and alkali-formate based deicers
(e.g.: potassium acetate, sodium acetate, sodium formate and potassium formate)
have become popular with their effectiveness to non-corrosion and less environmental
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impact.
To evaluate the effectiveness of alkali-acetate and alkali-formate based de-
icers concerning to ASR durability issues and testing of aggregates sensitivity to-
wards deicers, an extensive research was conducted at Clemson University by Ran-
garaju [Rangaraju et al., 2005]. The early findings of the research from IRPF 03-
9 [Rangaraju and Olek, 2007b] and 04-8 [Rangaraju and Olek, 2007a] were the pH
jump phenomenon in deicer solution interacting with the calcium hydroxide in port-
land cement pastes pore solution, thus a deicer based mortar bar test method was
proposed to screen the aggregates that are sensitive to deicers, the deicer used being
potassium acetate (KAc). In 2005 the KAc deicer-based test method was adopted
by FAA in Engineering Brief 70 (also known as EB 70 test method) as one of the
two standard protocols to screen aggregates for ASR, other being standard ASTM C
1260 test method. However the EB 70 test method did not correlate well with the
standard ASTM C 1260 test method results for most of the aggregates and led to
confusion. Colin Giebson (Giebson et al. 2010) experimented with model pore solu-
tions and cement pastes in the presence of acetate-based and formate-based deicers.
The results indicated that the solubility of portlandite was increased in the presence
of acetate-based and formate-based deicers due to the formation of Ca-acetate and
Ca-formate complexes and release of OH− ions due to the increased solubility of
Ca(OH)2, thus increasing the pH of the pore solution. In this thesis for the deicers
study the effect of pH jump in the pore solution is be studied and also the concerns
of EB 70 test method w.r.t. standard ASTM C 1260 test method has been studied.
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2.6 Concluding remarks on ASR literature
After reviewing the literature and examining how different researchers have
perceived the alkali-silica reactivity of aggregates, it was clear that there is a lack of
unified procedures and guidelines for testing ASR. Among the numerous test methods
available for testing alkali-silica reactivity of aggregates it was noticed that there is
a great interest in reliable accelerated testing procedures capable of predicting the
potential reactivity of aggregates in a short period of time. It seemed that ASTM
C 1260 and modifications to this test procedure is becoming more and more popular
and more trusted in giving accurate results that replicate the field performance in a
short period of time. However, the parameters that affect the short term test method
should be evaluated and clear guidelines should be laid. Deicers have an effect in
promoting ASR in concrete pavements thus the potential of aggregates to cause ASR
in the presence of deicers should be evaluated. In general, a test method that can
evaluate the effects of both alkali solution and deicers would be more relevant to
address ASR issues.
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Chapter 3
Materials and Methods
3.1 General
This chapter describes various experimental materials and test methods used
in this research study. The standard test procedure, accelerated mortar bar test
(ABMT) is used throughout the study. Modifications done to the standard test are
explained in their respective procedures.
3.2 Materials
The materials used in this study were reagent grade sodium hydroxide (NaOH),
commercial potassium acetate (KAc) deicer, 16 aggregates from different sources all
over the USA were selected based on their reactivity reports given by respective state
DOT’s, Type-I high alkali and low alkali cement.
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3.3 Reagents and Deicers
The salt used in this study was reagent grade sodium hydroxide (NaOH). The
reagent grade sodium hydroxide pellets were used to prepare a 1 normal (1N) solution.
The concentration of 1N NaOH was used as a soak solution for all the standard and
modified ASTM C 1260 test methods. The deicer used in this study was a commercial
grade potassium acetate deicer (KAc) Cryotech E36, Liquid runway Deicer which is
a 50% wt. solution and has a molar concentration of 6.4 (6.4 M), was used as a soak
solution for all the modified ASTM C 1260 tests. The properties of the deicer used,
as reported by the manufacturer, are presented in table 3.1
Table 3.1: Properties of Cryotech E36 Liquid Runway Deicer
Property Description
Composition 50% aqueous potassium acetate solution, by weight
Appearance Clear, colorless (blue if indicator dye is used)
Density 1.282 g.cm3 (at 200C/680 F)
Viscosity 10 cp maximum (at 200C/680F)
20 cp maximum (at 00C/320F)
Flash point Non-flammable
Freezing Point -600C/ -700F
pH 11.0 0.5 (at 250C)
Specific Gravity 1.25 to 1.30 (at 200C)
Note: Information as provided by the manufacturer
The 6.4M potassium acetate deicer is the most widely used airfield pavement
liquid deicers across the United States [Rangaraju et al., 2005]. The findings from
a study conducted at Clemson University concluded that potassium acetate has a
significant potential in causing ASR [Rangaraju and Olek, 2007b].
In real life applications the 6.4M potassium acetate is directly applied to air-
field pavements but with an understanding of melting of snow the concentration is
diluted, the concentration of diluted potassium acetate is not possible to measure as
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it depends on the quantity of snow present on the pavements, so this 6.4M potassium
acetate deicer was diluted to 3M potassium acetate concentration and used for all the
modified ASTM C 1260 tests. Another soak solution prepared was the combination
soak solution using the reagent grade 1N NaOH solution and 3M potassium acetate
deicer. This soak solution was used for all the modified ASTM C 1260 tests.
3.4 Aggregates
Aggregates from different parts of the USA were used for this study, these
aggregates also represent actual usage in field applications by their respective state
DOT’s and Airports. A total of 16 aggregates were selected based on their mineral
content and to represent various levels of alkali-silica reactivity in laboratory and field
performance shown in table 3.2. The natural river sand was used as a reference non
reactive aggregate.
3.5 Cement
High alkali cement (Type I) with a Na2O equivalent of 0.82% (Na2Oeq) and
an autoclave expansion of 0.12% was used for this study. The source of the cement
was from Lehigh plant in Evansville, PA. The chemical composition of this cement is
provided in table 3.3. This cement was used for 26 aggregate sources in this study.
Low alkali cement (Type I) with a Na2O equivalent of 0.31% (Na2Oeq) and
an autoclave expansion of 0.08% was used for 5 aggregate sources in this study. The
source of the cement was from Lehigh plant in Evansville, PA.
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Table 3.2: Aggregate source used by resp. state DOT’s and Airports
Sl. # Aggregates Source Sl. # Aggregates Source
1 New Mexico 17 Whitney, PA
2 North Carolina 18 Torrance, PA
3 South Dakota 19 Princeton , PA
4 Spratt, CANADA 20 Big Bend, PA
5 Scotts Bluff, NE 21 Georgetown, PA
6 Grand Island, NE 22 Stocker, PA
7 Indianola, NE 23 Liberty, SC
8 Cullom, NE 24 Blacksburg, SC
9 Galena Gravel, IL 25 Anderson, SC
10 Gateway S&G, IL 26 Cayce, SC
11 Kent, DL 27 Salt Lake City (CA), UT
12 York, DL 28 Salt Lake City (FA), UT
13 Horsey Plant, DL 29 Minneapolis, MN
14 Oxford Quarry, MA 30 New Jersey(CA), NJ
15 Swampscott, MA 31 New Jersey(FA), NJ
16 Taunton, MA 32 River Sand
Aggregates from Sl.# 17 to 31 were used by Wingard [Wingard, 2011]
Table 3.3: Chemical Composition of Type I High Alkali Cement
Chemical Compositions Oxide, %
SiO2 19.74
Al2O3 4.98
Fe2O3 3.13
CaO 61.84
MgO 2.54
SO3 4.15
Available Alkali –
Na2Oeq = Na2O +0.68K2O 0.82
K2O –
Loss on Ignition (LOI) 1.9
Insoluble Residue 0.25
C3A 8
C3S 52
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3.6 Test Methods
The standard test method adopted in this study was accelerated mortar bar
test method according to ASTM C 1260 specification. Several modifications are made
to this test method to evaluate the aggregate size effects and deicers effects that can
cause ASR. Two modified test methods of ASTM C 1260 and NRC - Concrete Micro-
bar Test are adopted to decrease the duration of laboratory test method on mortar
and concrete samples. For the microstructure analysis of samples, scanning electron
microscopy (SEM) and energy dispersive X-ray (EDX) analysis were conducted.
3.6.1 Standard ASTM C 1260 Test
In this test method, mortar bars (25mm X 25mm X 285 mm) with gauge studs
embedded at the ends were cast and moist cured for 24 hours in a curing room. After
demolding, the bars were cured at 80 ◦C for 24 hours in a water bath. After curing in
the water bath, the bars were kept in 1N NaOH soak solution which was preheated
to 80 ◦C for 24 hours. Periodic length change measurements were taken at regular
intervals up to 14 days on exposure to soak solutions, and percent expansions were
calculated. The length change measurements were extended up to 28 days to evaluate
the effects of prolonged exposure to deicers and alkali soak solutions. Three bars per
test were used in each test to calculate the average expansions and standard deviation
of the test. The ratio adopted for cement to aggregate was 1:2.25 (by mass) and water
to cement was 0.47 for the mortar mix, the ratio of mortar bars to soak solution was
1:4.5 (by volume) was maintained for all the standard and modified mortar bar tests.
The expansions of mortar bars less than 0.1% at 14 days were considered to be non-
reactive aggregates, expansions in range from 0.1% and 0.2% were considered for
additional confirmation by petrography, concrete prism tests (ASTM C 1293), or
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past field performance. And expansions of mortar bars over 0.2% were considered as
reactive aggregates.
3.6.2 Modified ASTM C 1260 Test (Aggregate size effects)
In this test method, the test procedure remains same as the standard ASTM
C 1260 test method with several modifications, for the standard test method the
aggregates are graded as shown in table 3.4
Table 3.4: Std. ASTM C 1260 aggregate gradation
Sieve Size Mass, %
Passing Retained on
4.75 mm (No. 4) 2.36 mm (No. 8) 10
2.36 mm (No. 8) 1.18 mm (No. 16) 25
1.18 mm (No. 16) 600 µm (No. 30) 25
600 µm (No. 30) 300 µm (No. 50) 25
300 µm (No. 50) 150 µm (No. 100) 15
For the modified test table 3.5, the mass % is kept constant to 20% for each
size fraction of gradation, now individually each size fraction of 20% is replaced with
reactive aggregates and remaining 80% with non-reactive river sand, this process is
carried out for all fractions by replacing each with reactive aggregate every time as
shown in table 3.5. The river sand was found to be non reactive in standard ASTM
C 1260 test and this was considered as a reference standard ASTM C 1260 result,
the cement to aggregate ratio is 1:2.25 were as for the modified test the cement ratio
was increased to 1:1.75, this was done to compensate for workability problems with
the smaller size fraction were in the total fines quantity in the mix is relatively high
and with higher surface area of fines working with the mix in laboratory would be
difficult, with the increased cement content the workability problem was solved and
this ratio was kept constant for all the size fractions. The water to cement ratio
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was 0.47, remaining process was carried out similar to standard ASTM C 1260 test
procedure.
Table 3.5: Modified ASTM C 1260 aggregate gradation
Sieve Size Replacement levels. Mass, %
Passing Retained on 20 20 20 20 20
4.75 mm (No. 4) 2.36 mm (No. 8) R NR NR NR NR
2.36 mm (No. 8) 1.18 mm (No. 16) NR R NR NR NR
1.18 mm (No. 16) 600 µm (No. 30) NR NR R NR NR
600 µm (No. 30) 300 µm (No. 50) NR NR NR R NR
300 µm (No. 50) 150 µm (No. 100) NR NR NR NR R
R = Reactive aggregate NR = Non Reactive river sand
3.6.3 Modified ASTM C 1260 Test (FAA adopted EB - 70
Test method)
In this test method, the test procedure remains same as the standard ASTM
C 1260 test method with a small modification, the modification being the mortar bars
are soaked in 6.4 molar potassium acetate (KAc) deicer soak solution instead of 1N
NaOH soak solution. The mortar bars average length expansions are measured with
days similar to standard ASTM C 1260 test procedure.
3.6.4 Modified ASTM C 1260 Test (3M KAc soak solution)
In this test method, the test procedure remains same as the standard ASTM C
1260 test method with a small modification, the modification being the mortar bars
are soaked in 3 molar potassium acetate deicer soak solution instead of 1N NaOH
soak solution. The mortar bars average length expansions are measured with days
similar to standard ASTM C 1260 test procedure.
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3.6.5 Modified ASTM C 1260 Test (3M KAc + 1N NaOH
soak solution)
In this test method, the test procedure remains same as the standard ASTM C
1260 test method with a small modification, the modification being the mortar bars
are soaked in combination soak solution with concentrations of 3 molar potassium
acetate deicer solutions and 1 normal sodium hydroxide solution, instead of 1N NaOH
soak solution. The mortar bars average length expansions are measured with days
similar to standard ASTM C 1260 test procedure.
3.6.6 Modified ASTM C 1260 Test (Pre-saturation with 1N
NaOH solution)
In this test method, the aggregates after processing according to ASTM C
1260 procedure are pre saturated with 1N NaOH solution for 24 hours. The below
procedure explains the modified test method.
Test procedure:
1. Process the aggregates according to ASTM C 1260 test method.
2. Find the absorption of aggregates according to ASTM C 128 test method.
3. Prepare 1 liter of 1N sodium hydroxide solution in a container, and find the
specific gravity of solution.
4. Take 990 grams of dry aggregates according to ASTM C 1260 test proportions,
and record it as the dry weight of sample.
5. Take 75 micron sieve, place the sample in sieve and submerge the sample with
sieve in 1N sodium hydroxide solution (room temperature) for 24 ± 4 hours.
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6. Remove the sample from solution and record the wet weight of sample.(Once
the sample with sieve is removed from the solution, allow the solution to drip
from the sieve so that the total moist weight of aggregates is 1150 ± 25 grams.
Use paper/cloth napkins beneath the sieve to suck moisture from sample to
bring it to required condition.)
7. Calculate the moisture absorbed due to solution.
8. Calculate free moisture due to solution.
9. Determine the quantity of water and sodium hydroxide present in the free mois-
ture of solution.
10. Subtract the calculated quantity of water from the mix water, specified accord-
ing to ASTM C 1260 test method.
3.6.7 Modified ASTM C 1260 Test (Pre-saturation with KAc
deicer solution)
In this test method, the test regime in section 3.6.6 was followed exactly with
the change of pre-saturating aggregates with KAc deicer solution instead of 1N NaOH
solution. However, this test method was not successful because the deicer solution
interacted with the cement paste at early ages and the mortar bars were not cured
irrespective of curing in moist chamber for more than 72 hours. The presence of
deicers in and around the aggregates surface did not allow the mortar bars to attain
final set, and the mortar bars broke into pieces while demolding as no strength was
gained by the slender mortar bars.
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3.6.8 Scanning Electron Microscopy (SEM) and Energy Dis-
persive X-Ray (EDX) analysis
The microstructure analysis on aggregates and mortar bar samples was per-
formed using SEM and EDX techniques. The analysis was performed at Clemson
University’s Advanced Materials Research Laboratories (AMRL) electron microscope
facility, using a variable pressure Hitachi S-3400N scanning electron microscope. The
techniques were performed on polished sample of mortar bars at a voltage of 20Kv. A
portion of representative sample of approx. 5cm width was cut from the mortar bars
used for standard and modified ASTM C 1260 tests. The samples were then placed
in circular molds and a combination of epoxy resin and hardener in a ratio of 100:12
was poured on top to completely submerge the samples within epoxy, any air bubbles
present were removed using a vacuum suction pump and desiccators. The samples
were then set to harden at room temperature. Once hardened, the samples were pol-
ished to get a clean flat surface without defects. The polishing process was done on
diamond-embedded discs with grits numbered 80, 220, 600 and 1200 in the order of
increasing fineness. To remove micro scratches the final polishing was done on finer
discs by using diamond suspensions of 3 micron and 1/4 micron. The samples, once
polished were then ready to be analyzed using the scanning electron microscope. The
images were captured at 3 different magnification levels showing the general ASR
affected structure and zooming in the ASR gel at higher magnification. The EDX
technique was also performed on scanning electron microscope to verify the elements
present in the cement based mortar bar structure, the presence of ASR gel in and
around the aggregates was confirmed with EDX technique. To analyze the mineral
composition structure of aggregates EDX mapping technique was used to identify the
different elements present in the aggregates.
27
3.7 Experimental Program
The experimental program was developed based on the objectives listed for
the research program; two different test matrix were developed. One to evaluate
the aggregate size effects in the accelerated mortar bar test method, second for the
evaluation of deicer effects on aggregates in the accelerated mortar bar test method.
3.7.1 Mix Proportions
The mix proportions used were according to the Std. ASTM C 1260 require-
ments for a batch of 3 mortar bars. For the aggregate size effect analysis the mix
proportion is shown in 3.6, the cement to aggregate ratio was changed to 1 : 1.75
for ease of workability for the finer sized fractions.
Table 3.6: Mix Design for standard and modified ASTM C 1260 (Aggregate size
effects)
Materials Std. ASTM C 1260 Modified ASTM C 1260
Cement (grams) 440 565.7
Aggregates (grams) 990 Reactive = 198
Non - Reactive = 792
Total = 990
Water (grams) 206.8 265.9
w/c ratio 0.47 0.47
Soak Solution 1N NaOH 1N NaOH
For the deicer effect on aggregate analysis the mix proportion is shown in
table 3.7, each test had a different deicer shown in table 3.7, the presaturation process
followed the similar test regim as Std. ASTM C 1260, except the aggregates were
presaturated with 1N NaOH solution for 24 hrs.
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Table 3.7: Mix Design for standard and modified ASTM C 1260 (Deicers effects)
Materials Std. ASTM C 1260 Modified ASTM C 1260
Cement (grams) 440 440
Aggregates (grams) 990 990
Water (grams) 206.8 206.8
w/c 0.47 0.47 0.47
Soak Solution 1N NaOH 6.4M Kac
3M Kac
3M Kac + 1N NaOH
3.7.2 Test Matrix
The test matrix in table 3.8 shows the aggregate size effect analysis for 4
different aggreagtes New Mexico, North Carolina, Spratt and South Dakota. Five
tests were conducted on each aggregate to evaluate the 5 size fractions used in the
standard ASTM C 1260 test method, which is an accelerated mortar bar test method.
Each test had 20% reactive aggregate and 80% non reactive (NR) aggregate, with
different size fraction replaced as reactive aggrgeate in each different test.
Table 3.8: Test matrix for aggregate size effect analysis
Sieve Size Replacement levels Mass, %
Passing Retained on test 1 test 2 test 3 test 4 test 5
4.75 mm 2.36 mm 20% NR NR NR NR
(No. 4) (No. 8)
2.36 mm 1.18 mm NR 20% NR NR NR
(No. 8) (No. 16)
1.18 mm 600 µm NR NR 20% NR NR
(No. 16) (No. 30)
600 µm 300 µm NR NR NR 20% NR
(No. 30) (No. 50)
300 µm 150 µm NR NR NR NR 20%
(No. 50) (No. 100)
To study the deicers effects on aggregates a test matrix was developed similar
to the standard ASTM C 1260 test method with a modification of changing the
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sodium hydroxide soak solution with deicer soak solutions. A similar test was also
adopted to decrease the test duration by presaturating the aggregates with 1N NaOH
solution for 24hrs prior to the test. The table 3.9 shows the 5 different tests adopted
for deicers study and these 5 test were carried out on 16 different aggregates.
Table 3.9: Test matrix for deicer effect on aggregate analysis
Tests Method adpoted Soak Solution used
Test 1 Std. ASTM 1260 1N NaOH soln.
Test 2 EB - 70 6.4M Kac soln.
Test 3 Mod. ASTM C 1260 3M Kac soln.
Test 4 Revised EB - 70 3M Kac + 1N NaOH soln.
Test 5 Pre-saturation process 1N NaOH soln.
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Chapter 4
Results and Discussions
4.1 General
This chapter deals with the results of the various tests described in chapter 3.
The results are analyzed by providing a discussion based on the theories and mech-
anisms hypothesized and/or confirmed in the order of objectives listed. A statistical
analysis of the results is conducted to understand the correlations between the various
standard and modified tests.
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4.2 Results of Standard and Modified ASTM C
1260 tests to investigate the effects of aggre-
gate size on alkali silica reactivity of aggregates
The effect of aggregate size was one of the test parameter evaluated for alkali
silica reactivity of aggregates in the Accelerated Mortar Bar Test (AMBT) method.
To study the effect of aggregate size it was important to analyze the mineral structure
of the aggregates. Four aggregates with different mineralogical content were used for
studying the size effects. The aggregate samples representing the specified sizes for
ASTM C 1260 standards were selected. SEM samples were prepared by placing all
sizes of aggregate in a mold and coating with epoxy-resin. The hardened SEM samples
were then polished to expose the surface of aggregates to look under microscope.
The EDX mapping technique was used to map the surface of aggregate, the Figures
(4.2, 4.6, 4.9, 4.11) show the mineralogical content of the four different aggregates
studied under the scanning electron microscope. In the figures, the element carbon(C)
is due to the epoxy coating and is not an constituent of the aggregate. The element
oxygen (O) is due to the oxide formation with associated elements present in the
minreral structure.
The standard ASTM C 1260 test was conducted on these four aggregates and
referred as Control tests resp., the modified versions of these test were conducted as
described in section 3.6.2. The hypothesis laid was finer the size of the aggregate more
reactive the aggregate is, this is due to the solubility of silica with increased specific
surface area for finer aggregates. For the modified test the cement to aggregate ratio
was increased to 1:1.75 for ease of workability of finer sized aggregates. However,
the coefficient of variation between the control test with cement to aggregate ratio
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of 1:2.25 and modified test with cement to aggregate ratio of 1:1.75 was very low.
Thus the presence of excess cement did not vary the test results considerably. The
New Mexico aggregate with an exception showed a higher coefficient of variation
between the control test and modified test, as the aggregate is very reactive and
expansions reach from 1% upto 1.5% at 28 days. These expansions limits are very
high and the mortar bars were cracked severly resulting in varying test results, which
are insignificant at a very higher level of expansions.
4.2.1 New Mexico Rhyolite Aggregate
The figure 4.1 shows the percent expansions of mortar bars with age varying
from 0 to 28 days for the control test comparing with modified tests for New Mexico
aggregate kept in 1N NaOH soak solution. New Mexico aggregate is a gravel from Las
Placitas Gravel pit in Bernalillo county in New Mexico. (Touma et al. 2001, Barringer
2000). The aggregate is a volcanic rock which has Rhyolite as a reactive component
with silica as its main constituent. From the figure 4.1 it is evident that as the size of
particle decreases the expansion increases (as hypothesized) and the trend followed by
each individual size gradation is similar to the trend of control test expansions. It can
be inferred that the reason for smaller size aggregate to expand more is the dissolution
of smaller size partice at a higher rate compared to its preceeding gradation size and
yielding higher expansions.
From Figure 4.2 it is visible that New Mexico aggregate being a volcanic rock
has various different element deposits. The element Silicon(Si) is predominant in the
mineral structure with traces of Aluminium(Al). It can also be observed that the
New Mexico aggregate has alkalis Sodium(Na) and Potassium(K) present in small
quantites. From Figure 4.2 it is evident that for similar sizes of aggregate fractions
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Figure 4.1: Expansions of individual size fraction for New Mexico aggregates
the mineralogy varies considerably. Thus for the ASTM C 1260 aggregate gradation
when aggrgeates are crushed to smaller size fraction, there is a possibility that smaller
size particles have high reactive phases. Figure 4.3 shows the EDX map images of new
mexico aggregate in the mortar bar specimen. From the Figure 4.3 it is cleary visible
in the electron image of new mexico aggregate that the particle has formed a reactive
rim around itself. This reactive rim is the ASR gel formed around the aggregate
reacting with the surface of the aggregate. When we look at the Sodium(Na) element
image, it can be seen that the aggregate has an affinity towards absorbing sodium
ions. The Aluminium(Al) and Silicon(Si) elements are visible in some of the aggregate
particles which are the New Mexico particles. The aggregate particles which are
brighter in the Silicon(Si) map are the non reactive sand grains that do not show
in the Aluminium(Al) map. The sand grains are composed of silicon elements and
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are non-reactive in nature due to their formation. The sodium ions are abundantly
available in the system as the mortar bar specimes were soaked in 1N NaOH solution.
The reactive siliceous phases in the aggregate have an affinity towards the sodium
ions to react and form an reaction product which is the alkali-silica gel.
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(a) SEM image showing ASR gel surrounding aggregate and through aggregate crack
(b) EDX image showing ASR gel through
cracks
(c) EDX spectrum verifying ASR gel
Figure 4.4: SEM and EDX analysis on NewMexico aggregate of size fraction from
4.75 mm to 2.36 mm
The Figure 4.4 shows the SEM and EDX analysis on New Mexico aggregate
of size fraction from 4.75 mm to 2.36 mm, from the Figure 4.4(a) it is evident that
the New Mexico aggregate is reactive as the aggregate surface reacted with the alkali
38
saturated cement paste and a rim of reaction product (ASR gel) is formed all around
the surface of aggregate, also the crack aroused form the inside of aggregate and
propagated through the surrounding cement paste to reach the top surface of mortar
bar, the crack is also filled with ASR gel , the Figure 4.4(b) shows the magnified image
of ASR gel present in the aggregate crack, EDX analysis in Figure 4.4(c) confirms the
presence of sodium (Na) ions with silicate (Si) ions which is nothing but the alkali-
silica gel. Thus the reactive nature of new mexico aggregate is confirmed due to its
potential to cause ASR in cement concrete.
4.2.2 South Dakota Quartzite Aggregate
The figure 4.5 shows the percent expansions of mortar bars with age varying
from 0 to 28 days for the control test comparing with modified tests for South aggre-
gate kept in 1N NaOH soak solution. From the expansion data figure 4.5 it is evident
that as the size of the aggregate decreases the expansions of mortar bars decreases
(hypothesis fails), this is exactly contradicting the hypothesis laid; as the increase
in aggregate size is causing higher expansions which is opposite to the New Mexico
aggregate in comparison. These evidences clearly indicate that aggregate size in the
ASTM C 1260 test is an important parameter that affects the alkali silica reactivity
of aggregates and the test results.
From Figure 4.6 it is visible that South Dokata aggregate is predominant
with Silicon(Si) element and has small traces of Aluminium(Al) element deposits.
South Dakota aggregate is a sedimentary rock with quartzite mineral as its major
constituent and has silica in its purest form. The impurities trapped during the
sedimentation process could be in the form of other elements or the reactive phases
that have an affinity towards the alklais. For the ASTM C 1260 aggregate gradation
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Figure 4.5: Expansions of individual size fraction for South Dakota aggregates
when aggrgeates are crushed to smaller size fractions, there is a possibility that the
aggregate breaks along the weak and reactive phases. During this process of crushing
and sieving the reactive phases could be lost as a powder passing the # 100 sieve
for the smaller size fractions. Where as in case of the coarser size fractions the reac-
tive phases are still trapped within the aggregate, which when subjected to alkaline
environment has an potential to cause ASR in cement concrete. This explains the
failed hypothesis, smaller the size of aggregate more reactive it is, which is not true
in all cases. Figure 4.7 shows the south dakota aggregate in the mortar bar specimen.
From the Figure 4.7 it is evident in the electron image that the air void has filled
with ASR gel from the neighbouring aggregate particle. If we look at the disintegar-
tion structure of the aggregate particle it is visible that the reaction has happened
from inside the aggregate particle. The reactive phases that are trapped within the
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aggregate particles have reacted with the alkaline environment forming ASR gel in
the neighbouring air void.
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4.2.3 Spratt Limestone Aggregate
The figure 4.8 shows the percent expansions of mortar bars with age varying
from 0 to 28 days for the control test comparing with modified tests for Spratt ag-
gregate kept in 1N NaOH soak solution. From the figure 4.8 it is evident that the
intermediate size fractions are expanding more compared to the coarser and finer size
fractions. These results also show that it is not always true that the reactivity of
aggregates increases with finer sizes.
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Figure 4.8: Expansions of individual size fraction for Spratt aggregates
From Figure 4.9 it is visible that Spratt being a limestone is predominant
with Calcium(Ca) element and small traces of Silicon(Si) element deposits. It is the
siliceous elements present within the calcium matrix of aggregate that react to form
ASR gel. However, this does not clearly explain the size effects of Spratt aggregate
and further petrographic investigations are required to analyze the size effects.
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4.2.4 North Carolina Argillite Aggregate
The Figure 4.10 shows the percent expansions of mortar bars with age varying
from 0 to 28 days for the control test comparing with modified tests for North Carolina
aggregate kept in 1N NaOH soak solution. Form the Figure 4.10 it is evident that
as the size of the aggregate decreases the expansion increases (as hypothesized).The
trend followed by each individual size gradation is similar to the trend of control test
expansions. The #100 size fraction is an exception with slow reactivity at initial
ages of 7 days but it tends to expand more at 14 and 28 days compared to other size
fractions.
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Figure 4.10: Expansions of individual size fraction for North Carolina aggregates
The Figure 4.11 shows the coarser size aggregate particle which has differnt
contrasts within the gray scale of electron image. From Figure 4.11 it is visible that
North Carolina aggregate is predominant with Calcium(Ca) element and small traces
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of Aluminium(Al) and Silicon(Si) element deposits. The aggregate also has alkalis
such as Sodium(Na) and Potassium(K) in small quantities. With the varibility in
aggregate mineral structure the North Carolina aggregate shows high reactivity with
smaller size fractions similar to New Mexico aggregate.
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4.2.5 Summary of Aggregate size reactivity
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Figure 4.12: Comparision of Aggregate Size on ASR expansions
Figure 4.12 shows the 14 day mortar bar expansion of all four aggregates
tested with different size fractions. From the expansions of individual size fractions
it is clear that size of aggregate particles has a definite impact on the alkali silica
reactivity expansions in the accelerated mortar bar test method. The impact of
aggregate size on its reactivity is specific to different aggregate types. This difference
is due to inherent variation in the mineralogy of siliceous phases and their distribution
in the aggregate structure. With the minimum aggregates tested, it is recommended
that the aggregates should be grouped based on thier mineralogy. And suitable size
fractions of aggregates should be adopted for testing thier potential reactivity.
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4.3 Results of Standard and Modified ASTM C
1260 Tests to investigate the effects of Deicers
on alkali silica reactivity of aggregates
To evaluate the effects of deicers on the alkali silica reactivity of aggregates
31 different aggregates were tested with deicers solutions and combination of deicer
& sodium hydroxide solution. Among the 31 different aggregates used, 16 aggregates
were tested for Std. ASTM C 1260 test (section 3.6.1), Mod. ASTM C 1260 test
6.4 M KAc soak solution (section 3.6.3), Mod. ASTM C 1260 test 3 M KAc soak
solution (section 3.6.4), Mod. ASTM C 1260 test 3M KAc + 1N NaOH soak solution
(section 3.6.5). The summary results of expansion data for 16 aggregates can be
found in Appendix section B. The remaining 15 aggregates were tested by Wingard
[Wingard, 2011].
Figure 4.13 shows the mortar bar expansions of New Mexico aggregate sub-
jected to different soak solutions. From the figure 4.13 it is evident that mortar bar
expansions of New Mexico aggregate are above 0.1%, which is specified by standard
ASTM C 1260 test method as a threshold limit to screen the reactive nature of aggre-
gates. The mortar bar specimen subjected to a standard soak solution of 1N NaOH
had a expansion of 0.9% at 14 days and the mortar bar specimen subjected to a
combination soak solution of 3M KAc + 1N NaOH had a high expansion of 1.76%
at 14 days. Thus proves the reactive nature of New Mexico aggregate to cause ASR
reaction. From Figure 4.14 it is evident that the mortar bar expansions of Horsey
Plant II, Delware aggregate are below 0.1% at 14 days when tested with all the soak
solutions. Thus the Delaware aggregate can be considerd as non-reactive aggregate
and has minimum potential to cause ASR reaction.
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Figure 4.13: Mortar Bar Expansion data for New Mexico aggregate
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Figure 4.14: Mortar Bar Expansion data for Horsey Plant II, Delaware aggregate
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Figure 4.15: Image of New Mexico aggregate subjected to different soak solutions
The Figure 4.15 shows the visual evidence of mortar bars specimens with New
Mexico aggregate subjected to different soak solutions after 28 days. The mortar
bars are severly cracked and deformed in their shapes. The Figure 4.16 is the close
up image of the mortar bar sample subjected to the combination soak solution of
3M KAc + 1N NaOH. The visual evidence of severe cracking can be related to its
high mortar bar expansion. The Figure 4.17 shows the visual evidence of mortar
bars specimens with Horsey Plant II, Delaware aggregate subjected to different soak
solutions after 28 days. From the Figure 4.17 it is evident that the mortar bars are
not cracked and deformed. This shows that the the Delaware aggregate with low
mortar bar expansion is non-reactive and proves that no deterioration and cracking
of concrete will occur if used in deicing pavements.
The figure 4.18 shows the comparisons of 31 different aggregates with 1N
NaOH and 6.4M KAc soak solution; the figure 4.19 shows the percent difference
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Figure 4.16: Closeup image of New Mexico aggregate showing cracks
Figure 4.17: Image of Horsey Plant Delaware aggregate subjected to different soak
solutions
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expansions of 6.4 M KAc solution when compared to 1N NaOH solution, from the
figures it is evident that aggregates with different sources and mineralogical structure
behave in different pattern. Some aggregates are more susceptible to alkali solutions
(1N NaOH) and expand more comparatively to deicer (6.4 M KAc) soak solutions
and vice versa. The research study by (Rangaraju et al.) and FAA approved EB70
test method for testing ASR potential of aggregates used only four aggregates (NM,
NC, SP, SD) which showed higher expansions for deicers solutions compared to alkali
soak solutions. With recent research it was understood that aggregates with their
wide variety of mineral structure tend to behave in different pattern when exposed
to alkali and deicer solutions, thus a combination of alkali and deicer soak solution
was required to test the aggregates for their potential to cause ASR distress. This
combination soak solution would evaluate the effects of both alkali (1N NaOH) and
deicer (6.4 M KAc) solution.
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The figure 4.20 shows the comparison of 1N NaOH with 3 M KAc soak solution
for 16 aggregate sources. Form the figure it is evident that the aggregates with
3M KAc soak solution expand less compared to 1N NaOH soak solution, with the
exception of New Mexico aggregate expanding more than the 1N NaOH soak solution.
The reason for diluting the deicer concentration from 6.4M KAc to 3M KAc was
considering the field and lab conditions were in:-
• The deicer solution mixes with the snow and ice present on the concrete pave-
ments and dilutes from 6.4M concentration to lesser concentrations which than
act towards the deterioration of concrete pavements.
• The concentration of 3M KAc when combined with 1N NaOH is safe to work
within the labs, as any other deicer concentrations of 3M and higher when
combined with 1N NaOH are corrosive and not safe to deal for the lab test
conditions.
• Any other deicer concentrations of 3M and higher when combined with 1N
NaOH will precipitate the salt from the NaOH solution, thus the combination
of 3M KAc + 1N NaOH solution is a threshold for a clear suspension solution.
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Figure 4.21 shows the 14-day expansion values of mortar bars prepared with
31 different aggregates in the 1N NaOH + 3M KAc soak solution and also the perfor-
mance of these mortar bars in the standard ASTM C 1260 test is shown. Figure 4.22
shows the percent difference in expansions of mortar bars subjected to revised EB-70
test method as compared to expansion in the standard ASTM C 1260 test. From the
Figures ( 4.21, 4.22) it is evident that all aggregates tested in the revised EB-70 test
method tend to show either similar mortar bar expansion to standard ASTM C 1260
test (18 out of 31 aggregates) or greater (13 out of 31 aggregates). The reason why
some aggregates tend to show significantly higher expansion in revised EB-70 test
method as compared to standard ASTM C 1260 test method appears to be related
to aggregate mineralogy.
1
Figure 4.23: SEM image comparision of Taunton aggregate in 1N NaOH soln and 1N
NaOH + 3M KAc solution
The aspect of aggregate mineralogy has not yet been investigated in this study,
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and is a subject of future investigation. The results show that the 1N NaOH + 3M
KAc deicer solution captures the effects of increased concentration of hydroxyl ions
and their increased activity in concentrated solutions. Thus a revised test method
consisting of combination (1N NaOH+3M KAc) soak solution appears to be beneficial
in evaluating the potential of aggregate to cause ASR in presence of deicing chemicals.
Based on the results obtained thus far, it appears that an expansion limit of 0.10%
at 14 days of exposure in the revised EB-70 test method appears to be adequate
to characterize aggregate reactivity. However, this limit is based on the correlations
with the standard ASTM C 1260 expansion data and further investigation is needed
to validate these findings with field exposure data.
Figure 4.24: EDX Spectra of reaction product in revised EB-70 test method
In order to compare the effects of 1N NaOH and the combination solution of
1N NaOH and 3M KAc deicer solution, the microstructure of AGG 16 mortar bars
subjected to the standard ASTM C 1260 and the revised EB-70 test method were
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examined in scanning electron microscope. Figure 4.23 shows the reacted aggregates
and ASR gel in specimens subjected to the standard ASTM C 1260 and revised EB-70
test methods, respectively. Clearly, the aggregate is showing significant ASR distress
in both tests confirming the validity of the revised EB-70 test method. Figure 4.24
shows the EDX spectra of reaction product from the revised EB-70 test method. The
predominant alkali present in the gel product in mortar bars subjected to the revised
EB-70 test method was potassium, consistent with the soak solution composition.
4.4 pH jump effect of deicer solution
The influence of deicers to cause change in pH of the pore solution and conse-
quential effects of pH jump due to activity coefficient γ was studied. Different soak
solution concentrations were prepared to represent the soak solutions used in the
standard and modified tests. The effect of pH jump phenomenon in deicer solution
interacting with the excess calcium hydroxide (Ca(OH)2) present in Portland cement
pastes pore solution was analyzed. A small quantity of Ca(OH)2 was added to the
soak solutions and the pH was measured using standard Oakton pH 110 series pH
meter with an electrode consisting of an amber glass bulb for low sodium error. The
pH meter was calibrated using standard buffer solutions of pH 4, 7 & 10 @ 25 ◦C
The Figure 4.25 shows the pH of different solutions at room temperature, and
in particular highlights the influence of calcium hydroxide and sodium hydroxide on
pH of KAc deicer solution. From the Figure 4.25 it is evident that the pH of 3M KAc
deicer is only 9.79 and that of 1N NaOH was only 13.69; however, when a combined
solution with concentration of 3M KAc and 1N NaOH was evaluated, the pH of that
solution was found to be 14.47, almost an order of magnitude over pH of 1N NaOH
solution. Similar but more dramatic jump can be observed when pH of 6.4M KAc
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H2O
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H2O + 
Ca(OH)2
1N NaOH
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Figure 4.25: pH ranges for deicer soak solutions and in presence on Ca(OH)2
deicer is compared with 6.4M KAc with a small addition of calcium hydroxide (0.5
grams of CH was added to 50 ml of 6.4M KAc deicer). The increase in pH from 10.76
to 14.54 is not entirely justified by slight increase in hydroxyl ion concentration due
to calcium hydroxide dissolution. The difference in the observed pH in both cases (i.e.
with NaOH and Ca(OH)2) can be attributed to the apparent activity coefficient γ of
hydroxyl ions (OH−) in the concentrated solutions. This effect of pH jump is not only
confined to deicers with calcium hydroxide but also with alkali hydroxides like NaOH
and KOH, this can be confirmed with the pH =14.47 of combination soak solution
(3M KAc+1N NaOH) were in the deicer is combined with 1N NaOH solution, the
presence of excess OH− increases the activity coefficient γ thus yielding higher pH
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values.
The increase in activity coefficient γ can be confirmed with quantitative chemi-
cal analysis technique Titration that is used to determine the unknown concentration
of a known reactant. By this technique the quantity of OH− present in the com-
bination soak solution can be determined to know the concentrations, and by back
substituting the value of OH− ions in the pH equation the activity coefficient γ can
be calculated. This would confirm that the pH jump effect is solely due to thermody-
namic activity of OH− ions in the deicer solution and not by any unexpected increase
in their concentrations.
4.5 Petrographic Examination of Mortar Bar Spec-
imens
Petrographic examination was done on mortar bar samples kept in different
soak solutions by Schmitt Technical Services, LLC (STS) [Schmitt, 2010]. The results
found on examination by STS were:
The mortar bar samples that were soaked in the combination solution (3M
KAc+1N NaOH) had the most damage due to alkali silica reaction and resulting
cracking. A sample aggregate Quality Torrance (QT) kept in the combination solution
was analyzed, the aggregate QT was a limestone as major component and particles of
sand (chert, quartz, feldspar and other varieties cryptocrystalline quartz) embedded
in the aggregate mineral structure. The thin section petrographic examination found
cracks radiating out of a chert aggregate particle into cement paste and through
another smaller aggregate, the cracks were filled with alkali-silica gel as highlighted
with red arrow in figure 4.26
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Figure 4.26: Petrographic image of chert aggregate showing ASR gel
The QT aggregates kept in 1N NaOH solution and 6.4M KAc solution were
also examined, the presence of alkali-silica gel was observed in the voids of cement
paste for both the solution types but no damage in terms of aggregate cracking was
observed, thus the aggregate has a potential to show deleterious nature in case of
severe alkali loading with prolonged age of concrete.
Another sample aggregate from Liberty, SC. was examined for its microstruc-
ture analysis, the aggregate was mainly found to be hornblende granite to granodiorite
with the individual mineral components of primarily plagioclase feldspar and quartz
with smaller amounts of alkali feldspars, hornblende, pyroxene and biotite mica. The
mortar bars kept in 1N NaOH, 6.4M KAc and combination of 1N NaOH + 3M KAc
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solution showed no presence of alkali-silica gel or any damage in terms of cracking.
However there were evidences of presence of potassium acetate crystalline masses in
the cement paste structure; calcium hydroxide the end product of hydration reaction
appeared to be less in the mortar bar sample kept in 6.4M potassium acetate solution.
This result was also observed by [Giebson et al., 2010] were in Giebson describes the
formation of secondary compounds of calcium acetate in the pore solution of mortar
bars kept in potassium acetate deicer solution. The crystalline depositions of deicer
salt present in the voids of cement paste and bi-products of the cement to deicer
chemical reaction can result in the expansive nature of mortar bars kept in deicer
solution.
4.6 Statistical analysis on aggregates
A statistical analysis was performed on 31 different aggregates to determine the
statistical significance of comparing modified test with the standard test and validate
the test results statistically. The mortar bars subjected to combination soak solution
of 1N NaOH + 3M KAc was compared with the mortar bars kept in standard soak
solution of 1N NaOH. From Figures (4.21, 4.22) it can be agreed that mortar bars
kept in the combination soak solution had greater or similar expansions compared
with mortar bars kept in standard soak solution. This analysis was done to confirm
the significance of using modified test in comaprision to standard test method.
MS Excel was used to perform statistical analysis on the two different soak
solutions samples. Using data sets in MS Excel a F-test was performed to compare
the variances of two different mortar bars samples. Table 4.1 shows the comparisions
of F-test on two differnet samples for New Mexico aggregate. A hypothesis was laid
to see if the variances are equal or not with a significance of α = 5% or 0.05, thus
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achieveing a 95% confidence in the test results. The p-value method was used for
hypothesis testing. For the New Mexico aggregate the p-value two tail is less than
the α = 0.05%, thus the null hypothesis was not rejected and concluded that the
variances of the two sample are equal. Table 4.2 shows the comparisions of T-test
on two differnet samples of New Mexico aggregate. A hypothesis was laid to see
if the means of mortar bar expansions are significantly different from each other in
both the soak solutions with a significance of α = 5% or 0.05, thus achieveing a 95%
confidence in the test results. The p-value method was used for hypothesis testing.
For the New Mexico aggregate the p-value one tail is less than the α = 0.05%, thus the
null hypothesis was rejected. From the hypothesis test it can be concluded that, for
New Mexico aggregate the means of mortar bar expansions are significantly different
when kept in combination soak solution of 1N NaOH + 3M KAc and when kept in
1N NaOH solution.
Table 4.1: F-Test: Two-Sample for Variances
Statistical Results 1 N NaOH + 3M KAc 1 N NaOH
Mean 1.756000 0.897667
Variance (s1, s2) 0.001359 0.000196
Observations 3.000000 3.000000
df 2.000000 2.000000
F 6.921902 -
P(F <= f) one-tail 0.126232 -
F Critical one-tail 19.00000 -
Hypothesis: Comparision of two-sample variances
Ho : s12/s22 = 1 Variances are Equal
Ha : s12/s22 6= 1 Variances are NOT Equal
p-value two tail = 0.25246464
Is p-value < 0.05? NO
Thus Do Not reject Ho Variances are Equal
Similar analysis as shown in Tables(4.1, 4.2) was carried out on remaining
30 different aggregates. Table 4.3 shows the average 14-day mortar bar expansion
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Table 4.2: t-Test: Two-Sample Assuming Equal Variances
Stastistical Results 1 N NaOH + 3M KAc 1 N NaOH
Mean 1.756 8.98E-01
Variance 0.001359 1.96E-04
Observations 3 3
Pooled Variance 0.00078
Hypothesized Mean Difference 0
df 4
t Stat 37.697
P(T <= t) one-tail 0.0000
t Critical one-tail 2.1318
P(T <= t) two-tail 0.0000
t Critical two-tail 2.7764
Hypothesis test for comparing two sample variances
Ho : µ1− µ2 = 0 1 N NaOH + 3M Kac is not significantly different than 1 N NaOH
Ha : µ1− µ2 > 0 1 N NaOH + 3M Kac is significantly different than 1 N NaOH
p-value one tail = 1.47866E-06
Is p-value < 0.05? YES
Thus reject Ho, 1 N NaOH + 3M Kac is significantly different than 1 N NaOH
when kept in modified test and standard test and the T-test results of all 31 aggre-
gates. From the T-test analysis 22 aggrgeates were significantly different from other
when tested with modified test method and standard test method, however 9 aggre-
gates were not significantly different. Thus with 95% confidence we can say that the
aggregates can be tested using modified test method of combination soak solution.
4.7 Rapid test method to evaluate ASR potential
of aggregates by pre-saturation process
The more reliable test method to evaluate the ASR potential of aggregates is
the ASTM C 1293 test method which takes one year to assess the reactive nature of
aggregates, this test method is a very long process and not quickly assessable. De-
creasing the test duration will be beneficial to know the reactive nature of aggregates
in less time and with more reliable results. To decrease the test duration of ASTM
C 1293 test method, pre-saturation process (section 3.6.6) was adopted by modifying
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Table 4.3: T-test comparision of aggregates on 14-days mortarbar expansions
Aggregate source 1 N NaOH + 3M KAc 1 N NaOH α = 0.05
New Mexico 1.76 0.90 YES
North Carolina 1.00 0.50 YES
South Dakota 0.21 0.19 YES
Spratt, CANADA 0.72 0.37 YES
Scotts Bluff, NE 0.28 0.31 YES
Grand Island, NE 0.24 0.23 NO
Indianola, NE 0.22 0.25 YES
Cullom, NE 0.26 0.31 NO
Galena Gravel, IL 0.33 0.17 NO
Gateway S&G, IL 0.40 0.41 YES
Kent, DL 0.08 0.07 NO
York, DL 0.05 0.07 YES
Horsey Plant, DL 0.08 0.07 YES
Oxford Quarry, MA 0.21 0.19 YES
Swampscott, MA 0.09 0.06 NO
Taunton, MA 0.85 0.41 YES
Whitney, PA 0.49 0.22 YES
Torrance, PA 0.41 0.21 NO
Princeton , PA 0.12 0.08 YES
Big Bend, PA 0.02 0.02 NO
Georgetown, PA 0.73 0.25 YES
Stocker, PA 0.69 0.28 YES
Liberty, SC 0.03 0.06 YES
Blacksburg, SC 0.15 0.13 NO
Anderson, SC 0.06 0.06 NO
Cayce, SC 0.06 0.08 YES
Salt Lake City (CA), UT 0.86 0.19 YES
Salt Lake City (FA), UT 0.63 0.17 YES
Minneapolis, MN 0.12 0.1 YES
New Jersey(CA), NJ 1.01 0.41 YES
New Jersey(FA), NJ 0.87 0.38 YES
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the standard ASTM C 1260 test method which is short duration test.
The concept of pre-saturating the aggregates with 1N NaOH solution was
evaluated by a logical assumption of the ASR mechanism, were in the aggregate
reactivity is a function of the alkali content of the pore solution around the aggregates
and within the aggregate porosity. Most aggregates are porous in nature and have
measurable percent water absorption; table 22 shows the percent water absorption
for 16 different aggregates used in this study. By the process of pre-saturating the
aggregates with alkaline solution all the pores in the aggregates will be saturated
with abundant alkalis and the reactive silica present in the aggregates should readily
react by yielding higher level of expansions at early age, thus reaching the expansion
limits early and start cracking. This process would decrease the duration of test by
providing the results faster.
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The figure 4.27 shows the comparisons of 16 different aggregates with standard
ASTM C 1260 test and the modified ASTM C 1260 test by pre-saturation process;
from the figure it is evident that all aggregates tested with the pre-saturation process
had almost similar 14 day expansions compared to standard ASTM C 1260 test
solution with some exceptions; more than 50% of the aggregates tested showed higher
early age expansions at 3 and 7 days compared to the standard test but there was
no much difference in their expansions at 14 and 28 days. Thus it is evident that the
pre-saturation process of aggregates does not increase the rate of reaction to decrease
the test duration.
The pre-saturation process was also evaluated with deicers were in the aggre-
gates were saturated with 6.4M KAc deicer solution for 24 hrs and modified ASTM
C 1260 test pre-saturation method was followed. Due to the saturation of aggregates
with excess deicer in the pores and on their surface; the cement paste mortar mix did
not react well and complete the hydration reaction, thus no strength was attained by
the mortar bars and the cement paste did not set even after 3 days of moist curing,
all the mortar bars broke in the process of de-molding. Thus it is evident that the
pre-saturation process cannot be adopted with deicers.
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Chapter 5
Conclusions
5.1 General
This chapter establishes the conclusions of the research study conducted here,
based on the evidences gathered in results and discussion chapter 4. In addition some
recommendations for further research are also presented at the end of this chapter.
5.2 Conclusions
The following conclusions can be drawn from this study on the effect of aggre-
gate size and soak solution composition on the alkali silica reactivity of aggregate in
accelerated mortar bar test method:
1. The size of aggregate particles has a definite impact on the alkali silica reactivity
expansions in the accelerated mortar bar test method.
2. The impact of aggregate size on its reactivity is specific to different aggregate
types. This difference is due to inherent variation in the mineralogy of siliceous
phases and their distribution in the aggregate structure.
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3. The increase in cement content in mortar mix, for cement to aggregate (C:A)
ratio from 1:2.25 to 1:1.75 had minimal effect on the expansions of aggregates
as 3 out of 4 aggregates showed similar levels of expansion at all ages, with New
Mexico aggregate being an exception at higher level of expansions.
4. Deicers have a potential to cause alklai silica reaction with reactive aggrgetes,
but some aggregates which are reactive in alkali solutions show no expansive
behaviour with deicers and vice versa. The combination of alkali and deicer
solution captures the effect of both.
5. The 3M KAc + 1N NaOH soak solution used in the research study evaluates
the effect of both alkali and deicer solution more accurately in the acclerated
mortar bar test method, to test for the potential of aggregates to cause alkali
silica reaction.
6. The deicer concentrations of 3M and higher when combined with 1N NaOH will
precipitate the salt from the NaOH solution, thus the combination of 3M KAc
+ 1N NaOH solution is a threshold for a clear suspension soak solution for the
accelerated mortar bar test.
7. Pre-saturation of aggregates with 6.4M KAc solution did not allow the mortar
bars to cure and attain strength even after 3 days of moist curing. The presence
of KAc solution around the aggregates reacted with the cement particles and
did not allow the cement mortar to set.
8. Pre-saturation of aggregates with 1N NaOH solution did not appear to increase
the rate of reaction and decrease the test duration in the accelerated mortar
bar test method.
75
Appendices
76
A
p
p
e
n
d
ix
A
A
g
g
re
g
a
te
si
ze
e
v
a
lu
a
ti
o
n
s,
E
x
p
a
n
si
o
n
re
a
d
in
g
s
T
ab
le
1:
L
en
gt
h
ch
an
ge
of
m
or
ta
r
b
ar
s
fo
r
N
ew
M
ex
ic
o
ag
gr
ge
at
e,
M
o
d
ifi
ed
A
S
T
M
C
12
60
te
st
.
E
x
p
a
n
si
o
n
S
u
m
m
a
ry
,
fo
r
in
d
iv
id
u
a
l
si
ze
fr
a
ct
io
n
s
D
ay
R
ef
er
en
ce
(i
n
.)
D
at
e
(#
4
-
#
8)
(#
8
-
#
16
)
(#
16
-
#
30
)
(#
30
-
#
50
)
(#
50
-
#
10
0)
E
x
p
(%
)
S
td
.
D
ev
E
x
p
(%
)
S
td
.
D
ev
E
x
p
(%
)
S
td
.
D
ev
E
x
p
(%
)
S
td
.
D
ev
E
x
p
(%
)
S
td
.
D
ev
0
0.
02
7
30
-M
ay
0.
00
0.
00
0
0.
00
0.
00
0
0.
00
0.
00
0
0.
00
0.
00
0
0.
00
0.
00
0
3
0.
02
52
2-
J
u
n
0.
06
0.
01
8
0.
13
0.
01
4
0.
16
0.
00
6
0.
25
0.
00
6
0.
23
0.
00
4
7
0.
02
75
6-
J
u
n
0.
14
0.
02
5
0.
24
0.
01
8
0.
31
0.
00
8
0.
48
0.
01
9
0.
48
0.
00
2
10
0.
02
75
9-
J
u
n
0.
16
0.
02
5
0.
27
0.
02
0
0.
35
0.
01
0
0.
54
0.
01
7
0.
55
0.
00
4
14
0.
02
72
13
-J
u
n
0.
19
0.
02
7
0.
30
0.
01
7
0.
41
0.
01
0
0.
62
0.
01
5
0.
64
0.
00
5
21
0.
02
72
20
-J
u
n
0.
21
0.
02
7
0.
33
0.
01
7
0.
46
0.
01
0
0.
68
0.
01
4
0.
70
0.
00
8
28
0.
02
69
27
-J
u
n
0.
24
0.
02
9
0.
36
0.
01
7
0.
50
0.
01
0
0.
73
0.
01
1
0.
74
0.
01
0
T
ab
le
2:
L
en
gt
h
ch
an
ge
of
m
or
ta
r
b
ar
s
fo
r
S
ou
th
D
ak
ot
a
ag
gr
ge
at
e,
M
o
d
ifi
ed
A
S
T
M
C
12
60
te
st
.
E
x
p
a
n
si
o
n
S
u
m
m
a
ry
,
fo
r
in
d
iv
id
u
a
l
si
ze
fr
a
ct
io
n
s
D
ay
R
ef
er
en
ce
(i
n
.)
D
at
e
(#
4
-
#
8)
(#
8
-
#
16
)
(#
16
-
#
30
)
(#
30
-
#
50
)
(#
50
-
#
10
0)
E
x
p
(%
)
S
td
.
D
ev
E
x
p
(%
)
S
td
.
D
ev
E
x
p
(%
)
S
td
.
D
ev
E
x
p
(%
)
S
td
.
D
ev
E
x
p
(%
)
S
td
.
D
ev
0
0.
02
35
16
-M
ar
0.
00
0.
00
0
0.
00
0.
00
0
0.
00
0.
00
0
0.
00
0.
00
0
0.
00
0.
00
0
3
0.
02
2
19
-M
ar
0.
04
0.
00
2
0.
03
0.
00
4
0.
03
0.
00
2
0.
02
0.
00
5
0.
02
0.
00
1
7
0.
02
22
23
-M
ar
0.
07
0.
00
2
0.
05
0.
00
3
0.
05
0.
00
3
0.
03
0.
01
1
0.
03
0.
00
3
10
0.
02
26
26
-M
ar
0.
08
0.
00
2
0.
07
0.
00
5
0.
06
0.
00
6
0.
04
0.
01
4
0.
04
0.
00
1
14
0.
02
2
30
-M
ar
0.
10
0.
00
4
0.
09
0.
00
5
0.
08
0.
00
8
0.
05
0.
01
4
0.
05
0.
00
1
21
0.
02
24
6-
A
p
r
0.
13
0.
00
4
0.
11
0.
00
5
0.
11
0.
01
2
0.
08
0.
01
5
0.
07
0.
00
2
28
0.
02
25
13
-A
p
r
0.
15
0.
00
4
0.
14
0.
00
7
0.
14
0.
01
3
0.
11
0.
01
7
0.
09
0.
00
2
77
T
ab
le
3:
L
en
gt
h
ch
an
ge
of
m
or
ta
r
b
ar
s
fo
r
S
p
ra
tt
ag
gr
ge
at
e,
M
o
d
ifi
ed
A
S
T
M
C
12
60
te
st
.
E
x
p
a
n
si
o
n
S
u
m
m
a
ry
,
fo
r
in
d
iv
id
u
a
l
si
ze
fr
a
ct
io
n
s
D
ay
R
ef
er
en
ce
(i
n
.)
D
at
e
(#
4
-
#
8)
(#
8
-
#
16
)
(#
16
-
#
30
)
(#
30
-
#
50
)
(#
50
-
#
10
0)
E
x
p
(%
)
S
td
.
D
ev
E
x
p
(%
)
S
td
.
D
ev
E
x
p
(%
)
S
td
.
D
ev
E
x
p
(%
)
S
td
.
D
ev
E
x
p
(%
)
S
td
.
D
ev
0
0.
02
35
16
-M
ar
0.
00
0.
00
0
0.
00
0.
00
0
0.
00
0.
00
0
0.
00
0.
00
0
0.
00
0.
00
0
3
0.
02
2
19
-M
ar
0.
04
0.
00
3
0.
06
0.
00
2
0.
08
0.
00
2
0.
07
0.
00
5
0.
04
0.
00
3
7
0.
02
22
23
-M
ar
0.
09
0.
00
3
0.
12
0.
00
4
0.
17
0.
00
5
0.
20
0.
00
6
0.
12
0.
00
7
10
0.
02
26
26
-M
ar
0.
12
0.
00
3
0.
16
0.
00
5
0.
21
0.
00
5
0.
25
0.
00
5
0.
16
0.
00
8
14
0.
02
2
30
-M
ar
0.
14
0.
00
4
0.
19
0.
00
6
0.
24
0.
00
6
0.
28
0.
00
3
0.
18
0.
00
8
21
0.
02
24
6-
A
p
r
0.
18
0.
00
5
0.
22
0.
00
8
0.
27
0.
00
6
0.
30
0.
00
2
0.
20
0.
00
7
28
0.
02
25
13
-A
p
r
0.
21
0.
00
7
0.
24
0.
00
8
0.
30
0.
00
6
0.
32
0.
00
4
0.
22
0.
00
8
T
ab
le
4:
L
en
gt
h
ch
an
ge
of
m
or
ta
r
b
ar
s
fo
r
N
or
th
C
ar
ol
in
a
ag
gr
ge
at
e,
M
o
d
ifi
ed
A
S
T
M
C
12
60
te
st
.
E
x
p
a
n
si
o
n
S
u
m
m
a
ry
,
fo
r
in
d
iv
id
u
a
l
si
ze
fr
a
ct
io
n
s
D
ay
R
ef
er
en
ce
(i
n
.)
D
at
e
(#
4
-
#
8)
(#
8
-
#
16
)
(#
16
-
#
30
)
(#
30
-
#
50
)
(#
50
-
#
10
0)
E
x
p
(%
)
S
td
.
D
ev
E
x
p
(%
)
S
td
.
D
ev
E
x
p
(%
)
S
td
.
D
ev
E
x
p
(%
)
S
td
.
D
ev
E
x
p
(%
)
S
td
.
D
ev
0
0.
02
69
30
-M
ay
0.
00
0.
00
0
0.
00
0.
00
0
0.
00
0.
00
0
0.
00
0.
00
0
0.
00
0.
00
0
3
0.
02
51
2-
J
u
n
0.
03
0.
00
4
0.
04
0.
00
2
0.
05
0.
00
2
0.
04
0.
00
3
0.
02
0.
00
2
7
0.
02
75
6-
J
u
n
0.
08
0.
00
4
0.
11
0.
00
3
0.
15
0.
00
8
0.
19
0.
00
5
0.
11
0.
00
4
10
0.
02
74
9-
J
u
n
0.
10
0.
00
4
0.
14
0.
00
6
0.
19
0.
00
6
0.
27
0.
00
7
0.
19
0.
00
6
14
0.
02
72
13
-J
u
n
0.
13
0.
00
5
0.
18
0.
00
7
0.
24
0.
00
6
0.
38
0.
01
0
0.
33
0.
01
5
21
0.
02
72
20
-J
u
n
0.
16
0.
00
5
0.
22
0.
00
9
0.
29
0.
00
8
0.
45
0.
01
3
0.
45
0.
02
0
28
0.
02
69
27
-J
u
n
0.
18
0.
00
4
0.
26
0.
00
9
0.
33
0.
00
9
0.
52
0.
01
3
0.
53
0.
02
4
78
T
ab
le
5:
L
en
gt
h
ch
an
ge
of
m
or
ta
r
b
ar
s
fo
r
R
iv
er
S
an
d
,
an
d
M
o
d
.
A
S
T
M
C
12
60
(A
:C
::
1.
75
:1
)
te
st
on
d
iff
er
en
t
ag
gr
eg
at
es
.
E
x
p
a
n
si
o
n
S
u
m
m
a
ry
,
fo
r
M
o
d
.
A
S
T
M
C
1
2
6
0
te
st
(1
:1
.7
5
)
o
n
d
iff
e
re
n
t
a
g
g
re
g
a
te
s
a
n
d
S
td
.
A
S
T
M
C
1
2
6
0
te
st
o
n
R
iv
e
r
sa
n
d
D
ay
R
ef
er
en
ce
(i
n
.)
D
at
e
N
ew
M
ex
ic
o
S
ou
th
D
ak
ot
a
S
p
ra
tt
N
or
th
C
ar
ol
in
a
R
iv
er
S
an
d
E
x
p
(%
)
S
td
.
D
ev
E
x
p
(%
)
S
td
.
D
ev
E
x
p
(%
)
S
td
.
D
ev
E
x
p
(%
)
S
td
.
D
ev
E
x
p
(%
)
S
td
.
D
ev
0
0.
02
35
16
-M
ar
0.
00
0.
00
0
0.
00
0.
00
0
0.
00
0.
00
0
0.
00
0.
00
0
0.
00
0.
00
0
3
0.
02
2
19
-M
ar
0.
47
0.
03
6
0.
04
0.
00
3
0.
11
0.
00
1
0.
10
0.
00
4
0.
01
0.
00
2
7
0.
02
22
23
-M
ar
0.
84
0.
06
4
0.
10
0.
01
0
0.
22
0.
00
3
0.
33
0.
01
0
0.
02
0.
00
2
10
0.
02
26
26
-M
ar
1.
00
0.
07
0
0.
14
0.
00
8
0.
29
0.
00
4
0.
42
0.
01
2
0.
03
0.
00
2
14
0.
02
2
30
-M
ar
1.
15
0.
07
6
0.
20
0.
01
3
0.
38
0.
00
4
0.
52
0.
01
2
0.
04
0.
00
1
21
0.
02
24
6-
A
p
r
1.
30
0.
08
1
0.
30
0.
01
8
0.
58
0.
00
7
0.
64
0.
01
1
0.
06
0.
00
1
28
0.
02
25
13
-A
p
r
1.
41
0.
08
7
0.
38
0.
01
9
0.
76
0.
01
0
0.
74
0.
01
2
0.
08
0.
00
2
79
A
p
p
e
n
d
ix
B
E
ff
e
ct
s
o
f
D
e
ic
e
rs
o
n
A
S
R
,
E
x
p
a
n
si
o
n
re
a
d
in
g
s
In
th
e
ex
p
an
si
on
su
m
m
ar
y
ta
b
le
s
th
e
te
st
n
u
m
b
er
s
re
fe
rs
to
as
fo
ll
ow
s:
1
:
S
ta
n
d
ar
d
A
S
T
M
C
12
60
te
st
re
su
lt
s
2
:
M
o
d
ifi
ed
A
S
T
M
C
12
60
T
es
t
(F
A
A
ad
op
te
d
E
B
-
70
T
es
t
m
et
h
o
d
)
3
:
M
o
d
ifi
ed
A
S
T
M
C
12
60
T
es
t
(3
M
K
A
c
so
ak
so
lu
ti
on
)
4
:
M
o
d
ifi
ed
A
S
T
M
C
12
60
T
es
t
(P
re
-s
at
u
ra
ti
on
w
it
h
1N
N
aO
H
so
lu
ti
on
)
5
:
M
o
d
ifi
ed
A
S
T
M
C
12
60
T
es
t
(3
M
K
A
c
+
1N
N
aO
H
so
ak
so
lu
ti
on
)
T
ab
le
6:
L
en
gt
h
ch
an
ge
of
m
or
ta
r
b
ar
s
fo
r
N
ew
M
ex
ic
o
ag
gr
ge
at
e
E
x
p
a
n
si
o
n
S
u
m
m
a
ry
,
fo
r
N
e
w
M
e
x
ic
o
a
g
g
re
g
a
te
D
ay
R
ef
er
en
ce
(i
n
.)
D
at
e
1
2
3
4
5
E
x
p
(%
)
S
td
.
D
ev
E
x
p
(%
)
S
td
.
D
ev
E
x
p
(%
)
S
td
.
D
ev
E
x
p
(%
)
S
td
.
D
ev
E
x
p
(%
)
S
td
.
D
ev
0
0.
02
15
7-
O
ct
0.
00
0.
00
0
0.
00
0.
00
0.
00
0.
00
0
0.
00
0.
00
0
0.
00
0.
00
0
3
0.
02
14
10
-O
ct
0.
45
0.
00
7
1.
40
0.
01
7
1.
21
0.
01
4
0.
48
0.
00
6
0.
83
0.
02
2
7
0.
02
11
14
-O
ct
0.
71
0.
01
0
1.
69
0.
02
5
1.
90
0.
02
6
0.
65
0.
00
2
1.
28
0.
02
4
10
0.
02
09
17
-O
ct
0.
81
0.
01
2
1.
71
0.
02
6
2.
03
0.
02
6
0.
74
0.
00
2
1.
51
0.
03
3
14
0.
02
14
21
-O
ct
0.
90
0.
01
4
1.
72
0.
02
4
2.
07
0.
03
0
0.
81
0.
00
3
1.
76
0.
03
7
21
0.
02
2
28
-O
ct
1.
01
0.
01
7
1.
74
0.
02
7
2.
10
0.
03
3
0.
92
0.
00
3
2.
09
0.
03
9
28
0.
02
09
4-
N
ov
1.
09
0.
01
8
1.
75
0.
02
3
2.
11
0.
03
3
1.
02
0.
00
6
2.
42
0.
04
0
80
T
ab
le
7:
L
en
gt
h
ch
an
ge
of
m
or
ta
r
b
ar
s
fo
r
N
or
th
C
ar
ol
in
a
ag
gr
ge
at
e
E
x
p
a
n
si
o
n
S
u
m
m
a
ry
o
f
d
iff
e
re
n
t
te
st
s,
fo
r
N
o
rt
h
C
a
ro
li
n
a
a
g
g
re
g
a
te
D
ay
R
ef
er
en
ce
(i
n
.)
D
at
e
1
2
3
4
5
E
x
p
(%
)
S
td
.
D
ev
E
x
p
(%
)
S
td
.
D
ev
E
x
p
(%
)
S
td
.
D
ev
E
x
p
(%
)
S
td
.
D
ev
E
x
p
(%
)
S
td
.
D
ev
0
0.
02
09
13
-O
ct
0.
00
0.
00
0
0.
00
0.
00
0
0.
00
0.
00
0
0.
00
0.
00
0
0.
00
0.
00
0
3
0.
02
09
16
-O
ct
0.
13
0.
01
0
0.
07
0.
00
1
0.
02
0.
00
3
0.
25
0.
01
2
0.
24
0.
00
6
7
0.
02
09
20
-O
ct
0.
34
0.
02
0
0.
48
0.
01
2
0.
07
0.
00
6
0.
42
0.
02
2
0.
61
0.
02
1
10
0.
02
27
23
-O
ct
0.
41
0.
02
0
0.
63
0.
01
3
0.
15
0.
02
5
0.
48
0.
02
3
0.
79
0.
03
4
14
0.
02
12
27
-O
ct
0.
50
0.
01
9
0.
65
0.
00
8
0.
30
0.
03
9
0.
55
0.
02
0
1.
00
0.
03
4
21
0.
02
32
3-
N
ov
0.
61
0.
02
2
0.
66
0.
01
4
0.
59
0.
06
1
0.
66
0.
02
9
1.
29
0.
07
2
28
0.
02
11
10
-N
ov
0.
70
0.
02
5
0.
69
0.
01
5
0.
91
0.
07
0
0.
76
0.
03
0
1.
58
0.
10
5
T
ab
le
8:
L
en
gt
h
ch
an
ge
of
m
or
ta
r
b
ar
s
fo
r
S
ou
th
D
ak
ot
a
ag
gr
ge
at
e
E
x
p
a
n
si
o
n
S
u
m
m
a
ry
o
f
d
iff
e
re
n
t
te
st
s,
fo
r
S
o
u
th
D
a
k
o
ta
a
g
g
re
g
a
te
D
ay
R
ef
er
en
ce
(i
n
.)
D
at
e
1
2
3
4
5
E
x
p
(%
)
S
td
.
D
ev
E
x
p
(%
)
S
td
.
D
ev
E
x
p
(%
)
S
td
.
D
ev
E
x
p
(%
)
S
td
.
D
ev
E
x
p
(%
)
S
td
.
D
ev
0
0.
02
09
13
-O
ct
0.
00
0.
00
0
0.
00
0.
00
0
0.
00
0.
00
0
0.
00
0.
00
0
0.
00
0.
00
0
3
0.
02
09
16
-O
ct
0.
03
0.
00
1
0.
04
0.
00
8
0.
01
0.
00
3
0.
05
0.
00
4
0.
06
0.
00
2
7
0.
02
09
20
-O
ct
0.
10
0.
00
3
0.
17
0.
01
1
0.
04
0.
00
9
0.
12
0.
00
3
0.
12
0.
01
0
10
0.
02
27
23
-O
ct
0.
15
0.
00
8
0.
27
0.
01
3
0.
07
0.
00
7
0.
16
0.
00
4
0.
15
0.
01
3
14
0.
02
12
27
-O
ct
0.
19
0.
01
6
0.
36
0.
01
3
0.
12
0.
00
4
0.
20
0.
00
8
0.
21
0.
01
5
21
0.
02
32
3-
N
ov
0.
28
0.
01
0
0.
38
0.
02
0
0.
19
0.
00
8
0.
25
0.
00
6
0.
31
0.
01
7
28
0.
02
11
10
-N
ov
0.
36
0.
01
5
0.
41
0.
02
1
0.
29
0.
01
1
0.
32
0.
01
0
0.
45
0.
02
0
81
T
ab
le
9:
L
en
gt
h
ch
an
ge
of
m
or
ta
r
b
ar
s
fo
r
S
p
ra
tt
ag
gr
ge
at
e
E
x
p
a
n
si
o
n
S
u
m
m
a
ry
o
f
d
iff
e
re
n
t
te
st
s,
fo
r
S
p
ra
tt
a
g
g
re
g
a
te
D
ay
R
ef
er
en
ce
(i
n
.)
D
at
e
1
2
3
4
5
E
x
p
(%
)
S
td
.
D
ev
E
x
p
(%
)
S
td
.
D
ev
E
x
p
(%
)
S
td
.
D
ev
E
x
p
(%
)
S
td
.
D
ev
E
x
p
(%
)
S
td
.
D
ev
0
0.
02
16
27
-J
an
0.
00
0.
00
0
0.
00
0.
00
0
0.
00
0.
00
0
0.
00
0.
00
0
0.
00
0.
00
0
3
0.
02
24
30
-J
an
0.
10
0.
00
5
0.
12
0.
00
5
0.
03
0.
00
0
0.
23
0.
00
2
0.
28
0.
00
3
7
0.
02
27
3-
F
eb
0.
22
0.
01
1
0.
31
0.
00
4
0.
08
0.
00
1
0.
33
0.
00
3
0.
50
0.
00
7
10
0.
02
42
6-
F
eb
0.
27
0.
01
3
0.
41
0.
00
5
0.
10
0.
00
1
0.
36
0.
00
2
0.
60
0.
00
8
14
0.
02
2
10
-F
eb
0.
37
0.
01
3
0.
53
0.
01
0
0.
17
0.
00
4
0.
44
0.
00
5
0.
72
0.
00
4
21
0.
02
29
17
-F
eb
0.
53
0.
01
6
0.
73
0.
02
1
0.
27
0.
00
3
0.
53
0.
00
5
0.
90
0.
01
0
28
0.
02
25
24
-F
eb
0.
73
0.
02
2
0.
96
0.
03
0
0.
41
0.
00
5
0.
65
0.
00
3
1.
05
0.
01
5
T
ab
le
10
:
L
en
gt
h
ch
an
ge
of
m
or
ta
r
b
ar
s
fo
r
S
co
tt
s
b
lu
ff
,
N
E
.
ag
gr
ge
at
e
E
x
p
a
n
si
o
n
S
u
m
m
a
ry
o
f
d
iff
e
re
n
t
te
st
s,
fo
r
S
co
tt
s
b
lu
ff
,
N
E
.
a
g
g
re
g
a
te
D
ay
R
ef
er
en
ce
(i
n
.)
D
at
e
1
2
3
4
5
E
x
p
(%
)
S
td
.
D
ev
E
x
p
(%
)
S
td
.
D
ev
E
x
p
(%
)
S
td
.
D
ev
E
x
p
(%
)
S
td
.
D
ev
E
x
p
(%
)
S
td
.
D
ev
0
0.
01
95
25
-S
ep
0.
00
0.
00
0
0.
00
0.
00
0
0.
00
0.
00
0
0.
00
0.
00
0
0.
00
0.
00
0
3
0.
01
89
28
-S
ep
0.
08
0.
00
8
0.
03
0.
00
6
0.
01
0.
00
3
0.
02
0.
01
2
0.
08
0.
00
2
7
0.
02
15
2-
O
ct
0.
21
0.
00
6
0.
08
0.
01
2
0.
02
0.
00
3
0.
09
0.
02
1
0.
21
0.
00
9
10
0.
02
11
5-
O
ct
0.
26
0.
00
5
0.
10
0.
01
6
0.
03
0.
00
2
0.
13
0.
02
5
0.
25
0.
01
3
14
0.
02
14
9-
O
ct
0.
31
0.
00
8
0.
11
0.
01
8
0.
03
0.
00
2
0.
15
0.
02
6
0.
28
0.
01
8
21
0.
02
13
16
-O
ct
0.
36
0.
00
8
0.
11
0.
01
6
0.
05
0.
00
4
0.
19
0.
02
6
0.
32
0.
02
5
28
0.
02
22
23
-O
ct
0.
40
0.
00
9
0.
12
0.
02
0
0.
06
0.
00
6
0.
22
0.
02
3
0.
36
0.
02
4
82
T
ab
le
11
:
L
en
gt
h
ch
an
ge
of
m
or
ta
r
b
ar
s
fo
r
G
ra
n
d
Is
la
n
d
,
N
E
.
ag
gr
ge
at
e
E
x
p
a
n
si
o
n
S
u
m
m
a
ry
o
f
d
iff
e
re
n
t
te
st
s,
fo
r
G
ra
n
d
Is
la
n
d
,
N
E
.
a
g
g
re
g
a
te
D
ay
R
ef
er
en
ce
(i
n
.)
D
at
e
1
2
3
4
5
E
x
p
(%
)
S
td
.
D
ev
E
x
p
(%
)
S
td
.
D
ev
E
x
p
(%
)
S
td
.
D
ev
E
x
p
(%
)
S
td
.
D
ev
E
x
p
(%
)
S
td
.
D
ev
0
0.
02
08
6-
O
ct
0.
00
0.
00
0
0.
00
0.
00
0
0.
00
0.
00
0
0.
00
0.
00
0
0.
00
0.
00
0
3
0.
02
18
9-
O
ct
0.
03
0.
00
4
0.
04
0.
00
6
0.
02
0.
00
1
0.
04
0.
00
4
0.
06
0.
00
2
7
0.
02
08
13
-O
ct
0.
11
0.
03
9
0.
25
0.
01
4
0.
04
0.
00
3
0.
13
0.
00
4
0.
18
0.
00
3
10
0.
02
13
16
-O
ct
0.
18
0.
01
1
0.
32
0.
02
5
0.
05
0.
00
3
0.
18
0.
00
5
0.
21
0.
00
8
14
0.
02
18
20
-O
ct
0.
23
0.
01
2
0.
37
0.
03
0
0.
07
0.
00
2
0.
24
0.
00
7
0.
24
0.
00
9
21
0.
02
15
27
-O
ct
0.
28
0.
01
3
0.
41
0.
03
4
0.
11
0.
00
2
0.
30
0.
00
9
0.
27
0.
01
1
28
0.
02
1
3-
N
ov
0.
34
0.
01
5
0.
43
0.
03
6
0.
18
0.
00
6
0.
35
0.
00
9
0.
30
0.
01
3
T
ab
le
12
:
L
en
gt
h
ch
an
ge
of
m
or
ta
r
b
ar
s
fo
r
In
d
ia
n
ol
a,
N
E
.
ag
gr
ge
at
e
E
x
p
a
n
si
o
n
S
u
m
m
a
ry
o
f
d
iff
e
re
n
t
te
st
s,
fo
r
In
d
ia
n
o
la
,
N
E
.
a
g
g
re
g
a
te
D
ay
R
ef
er
en
ce
(i
n
.)
D
at
e
1
2
3
4
5
E
x
p
(%
)
S
td
.
D
ev
E
x
p
(%
)
S
td
.
D
ev
E
x
p
(%
)
S
td
.
D
ev
E
x
p
(%
)
S
td
.
D
ev
E
x
p
(%
)
S
td
.
D
ev
0
0.
01
89
29
-S
ep
0.
00
0.
00
0
0.
00
0.
00
0
0.
00
0.
00
0
0.
00
0.
00
0
0.
00
0.
00
0
3
0.
02
15
2-
O
ct
0.
11
0.
00
3
0.
12
0.
02
1
0.
17
0.
04
4
0.
08
0.
00
8
0.
13
0.
00
9
7
0.
02
12
6-
O
ct
0.
19
0.
01
2
0.
28
0.
03
2
0.
19
0.
05
1
0.
15
0.
00
9
0.
18
0.
01
1
10
0.
02
15
9-
O
ct
0.
22
0.
01
1
0.
32
0.
03
5
0.
20
0.
05
1
0.
17
0.
00
9
0.
20
0.
01
1
14
0.
02
07
13
-O
ct
0.
25
0.
01
3
0.
36
0.
03
8
0.
21
0.
05
1
0.
21
0.
01
1
0.
22
0.
01
3
21
0.
02
18
20
-O
ct
0.
29
0.
01
6
0.
38
0.
03
8
0.
23
0.
04
9
0.
25
0.
01
4
0.
25
0.
01
0
28
0.
02
15
27
-O
ct
0.
32
0.
01
9
0.
39
0.
04
0
0.
24
0.
05
0
0.
28
0.
01
6
0.
27
0.
01
4
83
T
ab
le
13
:
L
en
gt
h
ch
an
ge
of
m
or
ta
r
b
ar
s
fo
r
C
u
ll
om
,
N
E
.
ag
gr
ge
at
e
E
x
p
a
n
si
o
n
S
u
m
m
a
ry
o
f
d
iff
e
re
n
t
te
st
s,
fo
r
C
u
ll
o
m
,
N
E
.
a
g
g
re
g
a
te
D
ay
R
ef
er
en
ce
(i
n
.)
D
at
e
1
2
3
4
5
E
x
p
(%
)
S
td
.
D
ev
E
x
p
(%
)
S
td
.
D
ev
E
x
p
(%
)
S
td
.
D
ev
E
x
p
(%
)
S
td
.
D
ev
E
x
p
(%
)
S
td
.
D
ev
0
0.
02
06
6-
O
ct
0.
00
0.
00
0
0.
00
0.
00
0
0.
00
0.
00
0
0.
00
0.
00
0
0.
00
0.
00
0
3
0.
02
15
9-
O
ct
0.
04
0.
00
5
0.
04
0.
00
4
0.
01
0.
00
6
0.
04
0.
00
1
0.
06
0.
00
6
7
0.
02
07
13
-O
ct
0.
17
0.
01
2
0.
20
0.
00
9
0.
03
0.
00
3
0.
14
0.
00
1
0.
22
0.
02
3
10
0.
02
13
16
-O
ct
0.
24
0.
01
6
0.
26
0.
00
8
0.
04
0.
00
5
0.
20
0.
00
5
0.
25
0.
02
7
14
0.
02
18
20
-O
ct
0.
31
0.
01
6
0.
31
0.
00
9
0.
05
0.
00
4
0.
26
0.
00
5
0.
29
0.
03
2
21
0.
02
15
27
-O
ct
0.
38
0.
01
9
0.
35
0.
01
0
0.
07
0.
00
6
0.
32
0.
00
7
0.
33
0.
03
3
28
0.
02
12
3-
N
ov
0.
44
0.
02
3
0.
37
0.
01
1
0.
11
0.
00
9
0.
38
0.
00
9
0.
37
0.
03
7
T
ab
le
14
:
L
en
gt
h
ch
an
ge
of
m
or
ta
r
b
ar
s
fo
r
G
al
en
a
R
oa
d
an
d
G
ra
ve
l,
IL
.
ag
gr
ge
at
e
E
x
p
a
n
si
o
n
S
u
m
m
a
ry
o
f
d
iff
e
re
n
t
te
st
s,
fo
r
G
a
le
n
a
,
IL
.
a
g
g
re
g
a
te
D
ay
R
ef
er
en
ce
(i
n
.)
D
at
e
1
2
3
4
5
E
x
p
(%
)
S
td
.
D
ev
E
x
p
(%
)
S
td
.
D
ev
E
x
p
(%
)
S
td
.
D
ev
E
x
p
(%
)
S
td
.
D
ev
E
x
p
(%
)
S
td
.
D
ev
0
0.
02
17
11
-N
ov
0.
00
0.
00
0
0.
00
0.
00
0
0.
00
0.
00
0
0.
00
0.
00
0
0.
00
0.
00
0
3
0.
02
14
14
-N
ov
0.
02
0.
00
4
0.
03
0.
00
2
0.
01
0.
00
3
0.
03
0.
00
7
0.
05
0.
00
4
7
0.
02
18
18
-N
ov
0.
06
0.
00
4
0.
05
0.
00
3
0.
02
0.
00
3
0.
07
0.
00
8
0.
15
0.
01
1
10
0.
02
16
21
-N
ov
0.
12
0.
00
3
0.
06
0.
00
3
0.
02
0.
00
3
0.
11
0.
00
8
0.
26
0.
02
1
14
0.
02
2
25
-N
ov
0.
17
0.
00
4
0.
06
0.
00
3
0.
03
0.
00
3
0.
13
0.
00
8
0.
33
0.
03
0
21
0.
02
2
2-
D
ec
0.
22
0.
00
4
0.
07
0.
00
3
0.
04
0.
00
8
0.
17
0.
00
7
0.
45
0.
03
4
28
0.
02
19
9-
D
ec
0.
24
0.
00
2
0.
07
0.
00
4
0.
07
0.
00
8
0.
18
0.
00
4
0.
52
0.
03
9
N
ot
e:
T
y
p
e
I
lo
w
al
ka
li
ce
m
en
t
w
as
u
se
d
fo
r
p
re
p
ar
in
g
m
or
ta
r
b
ar
s.
84
T
ab
le
15
:
L
en
gt
h
ch
an
ge
of
m
or
ta
r
b
ar
s
fo
r
G
at
ew
ay
S
an
d
an
d
G
ra
ve
l,
IL
.
ag
gr
ge
at
e
E
x
p
a
n
si
o
n
S
u
m
m
a
ry
o
f
d
iff
e
re
n
t
te
st
s,
fo
r
G
a
te
w
a
y
S
&
G
,
IL
.
a
g
g
re
g
a
te
D
ay
R
ef
er
en
ce
(i
n
.)
D
at
e
1
2
3
4
5
E
x
p
(%
)
S
td
.
D
ev
E
x
p
(%
)
S
td
.
D
ev
E
x
p
(%
)
S
td
.
D
ev
E
x
p
(%
)
S
td
.
D
ev
E
x
p
(%
)
S
td
.
D
ev
0
0.
02
17
11
-N
ov
0.
00
0.
00
0
0.
00
0.
00
0
0.
00
0.
00
0
0.
00
0.
00
0
0.
00
0.
00
0
3
0.
02
14
14
-N
ov
0.
04
0.
00
4
0.
03
0.
00
4
0.
01
0.
00
4
0.
05
0.
01
4
0.
10
0.
00
3
7
0.
02
18
18
-N
ov
0.
19
0.
00
3
0.
07
0.
00
7
0.
02
0.
00
4
0.
15
0.
01
9
0.
21
0.
00
1
10
0.
02
16
21
-N
ov
0.
33
0.
00
1
0.
09
0.
00
5
0.
02
0.
00
3
0.
23
0.
02
5
0.
32
0.
00
2
14
0.
02
2
25
-N
ov
0.
41
0.
00
2
0.
11
0.
00
3
0.
03
0.
00
3
0.
29
0.
02
8
0.
40
0.
00
6
21
0.
02
2
2-
D
ec
0.
49
0.
00
1
0.
12
0.
00
5
0.
04
0.
00
2
0.
35
0.
03
1
0.
52
0.
00
5
28
0.
02
19
9-
D
ec
0.
55
0.
00
1
0.
12
0.
00
5
0.
04
0.
00
2
0.
40
0.
03
4
0.
62
0.
01
1
N
ot
e:
T
y
p
e
I
lo
w
al
ka
li
ce
m
en
t
w
as
u
se
d
fo
r
p
re
p
ar
in
g
m
or
ta
r
b
ar
s
an
d
P
it
S
am
p
li
n
g
w
as
d
on
e
as
th
e
ag
gr
eg
at
e
w
as
ve
ry
fi
n
e.
T
ab
le
16
:
L
en
gt
h
ch
an
ge
of
m
or
ta
r
b
ar
s
fo
r
K
en
t,
D
L
.
ag
gr
ge
at
e
E
x
p
a
n
si
o
n
S
u
m
m
a
ry
o
f
d
iff
e
re
n
t
te
st
s,
fo
r
K
e
n
t,
D
L
.
a
g
g
re
g
a
te
D
ay
R
ef
er
en
ce
(i
n
.)
D
at
e
1
2
3
4
5
E
x
p
(%
)
S
td
.
D
ev
E
x
p
(%
)
S
td
.
D
ev
E
x
p
(%
)
S
td
.
D
ev
E
x
p
(%
)
S
td
.
D
ev
E
x
p
(%
)
S
td
.
D
ev
0
0.
02
2
18
-N
ov
0.
00
0.
00
0
0.
00
0.
00
0
0.
00
0.
00
0
0.
00
0.
00
0
0.
00
0.
00
0
3
0.
02
2
21
-N
ov
0.
01
0.
00
8
0.
04
0.
01
0
0.
03
0.
00
4
0.
04
0.
00
2
0.
05
0.
01
7
7
0.
02
17
25
-N
ov
0.
04
0.
00
8
0.
05
0.
00
4
0.
03
0.
00
3
0.
06
0.
00
3
0.
06
0.
00
9
10
0.
02
14
28
-N
ov
0.
05
0.
01
1
0.
07
0.
00
5
0.
03
0.
00
1
0.
08
0.
00
5
0.
07
0.
00
3
14
0.
02
19
2-
D
ec
0.
07
0.
01
2
0.
09
0.
00
5
0.
04
0.
00
4
0.
10
0.
00
8
0.
08
0.
01
7
21
0.
02
14
9-
D
ec
0.
11
0.
01
3
0.
10
0.
01
2
0.
04
0.
00
6
0.
14
0.
00
9
0.
09
0.
01
9
28
0.
02
13
16
-D
ec
0.
14
0.
01
2
0.
12
0.
00
6
0.
06
0.
00
5
0.
18
0.
01
4
0.
11
0.
00
9
N
ot
e:
T
y
p
e
I
lo
w
al
ka
li
ce
m
en
t
w
as
u
se
d
fo
r
p
re
p
ar
in
g
m
or
ta
r
b
ar
s
an
d
P
it
S
am
p
li
n
g
w
as
d
on
e
as
th
e
ag
gr
eg
at
e
w
as
ve
ry
fi
n
e.
85
T
ab
le
17
:
L
en
gt
h
ch
an
ge
of
m
or
ta
r
b
ar
s
fo
r
Y
or
k
,
D
L
.
ag
gr
ge
at
e
E
x
p
a
n
si
o
n
S
u
m
m
a
ry
o
f
d
iff
e
re
n
t
te
st
s,
fo
r
Y
o
rk
,
D
L
.
a
g
g
re
g
a
te
D
ay
R
ef
er
en
ce
(i
n
.)
D
at
e
1
2
3
4
5
E
x
p
(%
)
S
td
.
D
ev
E
x
p
(%
)
S
td
.
D
ev
E
x
p
(%
)
S
td
.
D
ev
E
x
p
(%
)
S
td
.
D
ev
E
x
p
(%
)
S
td
.
D
ev
0
0.
02
21
20
-N
ov
0.
00
0.
00
0
0.
00
0.
00
0
0.
00
0.
00
0
0.
00
0.
00
0
0.
00
0.
00
0
3
0.
02
21
23
-N
ov
0.
02
0.
00
1
0.
02
0.
00
5
0.
02
0.
00
4
0.
01
0.
00
1
0.
02
0.
00
2
7
0.
02
15
27
-N
ov
0.
03
0.
00
1
0.
03
0.
00
4
0.
02
0.
00
3
0.
03
0.
00
5
0.
03
0.
00
1
10
0.
02
18
30
-N
ov
0.
05
0.
00
3
0.
04
0.
00
2
0.
03
0.
00
7
0.
06
0.
00
7
0.
04
0.
00
2
14
0.
02
22
4-
D
ec
0.
07
0.
00
2
0.
04
0.
00
2
0.
03
0.
00
9
0.
08
0.
00
4
0.
05
0.
00
4
21
0.
02
08
11
-D
ec
0.
12
0.
00
2
0.
05
0.
00
4
0.
03
0.
00
3
0.
13
0.
00
0
0.
10
0.
00
2
28
0.
02
1
18
-D
ec
0.
17
0.
00
3
0.
05
0.
00
4
0.
03
0.
00
4
0.
19
0.
00
3
0.
16
0.
00
6
N
ot
e:
T
y
p
e
I
lo
w
al
ka
li
ce
m
en
t
w
as
u
se
d
fo
r
p
re
p
ar
in
g
m
or
ta
r
b
ar
s
an
d
P
it
S
am
p
li
n
g
w
as
d
on
e
as
th
e
ag
gr
eg
at
e
w
as
ve
ry
fi
n
e.
T
ab
le
18
:
L
en
gt
h
ch
an
ge
of
m
or
ta
r
b
ar
s
fo
r
H
or
se
y
P
la
n
t,
D
L
.
ag
gr
ge
at
e
E
x
p
a
n
si
o
n
S
u
m
m
a
ry
o
f
d
iff
e
re
n
t
te
st
s,
fo
r
H
o
rs
e
y
P
la
n
t,
D
L
.
a
g
g
re
g
a
te
D
ay
R
ef
er
en
ce
(i
n
.)
D
at
e
1
2
3
4
5
E
x
p
(%
)
S
td
.
D
ev
E
x
p
(%
)
S
td
.
D
ev
E
x
p
(%
)
S
td
.
D
ev
E
x
p
(%
)
S
td
.
D
ev
E
x
p
(%
)
S
td
.
D
ev
0
0.
02
2
18
-N
ov
0.
00
0.
00
0
0.
00
0.
00
0
0.
00
0.
00
0
0.
00
0.
00
0
0.
00
0.
00
0
3
0.
02
2
21
-N
ov
0.
01
0.
00
3
0.
02
0.
00
2
0.
02
0.
00
3
0.
03
0.
00
5
0.
05
0.
00
8
7
0.
02
17
25
-N
ov
0.
02
0.
00
3
0.
04
0.
00
2
0.
02
0.
00
4
0.
04
0.
00
2
0.
06
0.
00
9
10
0.
02
14
28
-N
ov
0.
04
0.
00
2
0.
06
0.
00
2
0.
03
0.
00
9
0.
06
0.
00
2
0.
07
0.
00
9
14
0.
02
19
2-
D
ec
0.
07
0.
00
3
0.
09
0.
00
6
0.
04
0.
01
3
0.
07
0.
00
6
0.
08
0.
00
8
21
0.
02
14
9-
D
ec
0.
11
0.
00
4
0.
11
0.
00
5
0.
04
0.
01
3
0.
12
0.
00
6
0.
11
0.
00
9
28
0.
02
13
16
-D
ec
0.
15
0.
00
4
0.
13
0.
00
5
0.
05
0.
01
1
0.
16
0.
00
3
0.
15
0.
01
4
N
ot
e:
T
y
p
e
I
lo
w
al
ka
li
ce
m
en
t
w
as
u
se
d
fo
r
p
re
p
ar
in
g
m
or
ta
r
b
ar
s
an
d
P
it
S
am
p
li
n
g
w
as
d
on
e
as
th
e
ag
gr
eg
at
e
w
as
ve
ry
fi
n
e.
86
T
ab
le
19
:
L
en
gt
h
ch
an
ge
of
m
or
ta
r
b
ar
s
fo
r
O
x
fo
rd
,
M
A
.
ag
gr
ge
at
e
E
x
p
a
n
si
o
n
S
u
m
m
a
ry
o
f
d
iff
e
re
n
t
te
st
s,
fo
r
O
x
fo
rd
,
M
A
.
a
g
g
re
g
a
te
D
ay
R
ef
er
en
ce
(i
n
.)
D
at
e
1
2
3
4
5
E
x
p
(%
)
S
td
.
D
ev
E
x
p
(%
)
S
td
.
D
ev
E
x
p
(%
)
S
td
.
D
ev
E
x
p
(%
)
S
td
.
D
ev
E
x
p
(%
)
S
td
.
D
ev
0
0.
02
18
25
-N
ov
0.
00
0.
00
0
0.
00
0.
00
0
0.
00
0.
00
0
0.
00
0.
00
0
0.
00
0.
00
0
3
0.
02
12
28
-N
ov
0.
03
0.
01
2
0.
04
0.
01
2
0.
01
0.
00
5
0.
06
0.
00
4
0.
05
0.
00
3
7
0.
02
19
2-
D
ec
0.
11
0.
00
9
0.
12
0.
00
9
0.
04
0.
00
3
0.
13
0.
00
5
0.
13
0.
00
7
10
0.
02
11
5-
D
ec
0.
15
0.
01
0
0.
18
0.
01
0
0.
06
0.
00
4
0.
17
0.
00
6
0.
17
0.
00
6
14
0.
02
14
9-
D
ec
0.
19
0.
01
0
0.
22
0.
01
0
0.
11
0.
00
4
0.
21
0.
00
8
0.
21
0.
00
5
21
0.
02
13
16
-D
ec
0.
26
0.
01
2
0.
24
0.
01
2
0.
18
0.
00
6
0.
26
0.
01
2
0.
26
0.
00
7
28
0.
02
22
23
-D
ec
0.
31
0.
01
2
0.
25
0.
01
2
0.
27
0.
00
9
0.
31
0.
01
4
0.
31
0.
01
0
T
ab
le
20
:
L
en
gt
h
ch
an
ge
of
m
or
ta
r
b
ar
s
fo
r
S
w
am
p
sc
ot
t,
M
A
.
ag
gr
ge
at
e
E
x
p
a
n
si
o
n
S
u
m
m
a
ry
o
f
d
iff
e
re
n
t
te
st
s,
fo
r
S
w
a
m
p
sc
o
tt
,
M
A
.
a
g
g
re
g
a
te
D
ay
R
ef
er
en
ce
(i
n
.)
D
at
e
1
2
3
4
5
E
x
p
(%
)
S
td
.
D
ev
E
x
p
(%
)
S
td
.
D
ev
E
x
p
(%
)
S
td
.
D
ev
E
x
p
(%
)
S
td
.
D
ev
E
x
p
(%
)
S
td
.
D
ev
0
0.
02
17
23
-D
ec
0.
00
0.
00
0
0.
00
0.
00
0
0.
00
0.
00
0
0.
00
0.
00
0
0.
00
0.
00
0
3
0.
02
14
26
-D
ec
0.
01
0.
00
1
0.
02
0.
00
2
0.
01
0.
00
1
0.
02
0.
00
3
0.
02
0.
00
3
7
0.
02
07
30
-D
ec
0.
02
0.
00
2
0.
04
0.
00
1
0.
02
0.
00
1
0.
03
0.
00
1
0.
03
0.
00
2
10
0.
02
18
2-
J
an
0.
04
0.
00
1
0.
05
0.
00
1
0.
02
0.
00
1
0.
05
0.
00
1
0.
06
0.
00
2
14
0.
02
05
6-
J
an
0.
06
0.
00
0
0.
06
0.
00
1
0.
02
0.
00
1
0.
07
0.
00
2
0.
09
0.
00
5
21
0.
02
2
13
-J
an
0.
09
0.
00
3
0.
06
0.
00
1
0.
03
0.
00
1
0.
10
0.
00
4
0.
13
0.
00
7
28
0.
02
3
20
-J
an
0.
11
0.
00
5
0.
06
0.
00
3
0.
02
0.
00
1
0.
12
0.
00
4
0.
16
0.
00
8
87
T
ab
le
21
:
L
en
gt
h
ch
an
ge
of
m
or
ta
r
b
ar
s
fo
r
T
au
n
to
n
,
M
A
.
ag
gr
ge
at
e
E
x
p
a
n
si
o
n
S
u
m
m
a
ry
o
f
d
iff
e
re
n
t
te
st
s,
fo
r
T
a
u
n
to
n
,
M
A
.
a
g
g
re
g
a
te
D
ay
R
ef
er
en
ce
(i
n
.)
D
at
e
1
2
3
4
5
E
x
p
(%
)
S
td
.
D
ev
E
x
p
(%
)
S
td
.
D
ev
E
x
p
(%
)
S
td
.
D
ev
E
x
p
(%
)
S
td
.
D
ev
E
x
p
(%
)
S
td
.
D
ev
0
0.
02
17
23
-D
ec
0.
00
0.
00
0
0.
00
0.
00
0
0.
00
0.
00
0
0.
00
0.
00
0
0.
00
0.
00
0
3
0.
02
14
26
-D
ec
0.
09
0.
00
5
0.
05
0.
00
3
0.
02
0.
00
2
0.
18
0.
01
8
0.
14
0.
00
5
7
0.
02
07
30
-D
ec
0.
24
0.
01
9
0.
20
0.
00
9
0.
07
0.
00
1
0.
33
0.
03
5
0.
43
0.
00
4
10
0.
02
18
2-
J
an
0.
32
0.
02
3
0.
25
0.
01
5
0.
14
0.
00
1
0.
40
0.
03
9
0.
62
0.
00
3
14
0.
02
05
6-
J
an
0.
41
0.
02
5
0.
27
0.
01
6
0.
25
0.
00
2
0.
48
0.
04
3
0.
85
0.
00
9
21
0.
02
2
13
-J
an
0.
52
0.
02
4
0.
28
0.
01
6
0.
48
0.
00
7
0.
59
0.
04
8
1.
18
0.
01
7
28
0.
02
3
20
-J
an
0.
61
0.
02
6
0.
28
0.
01
7
0.
75
0.
01
7
0.
68
0.
05
1
1.
43
0.
02
0
88
B
.1
F
ig
u
re
s
fo
r
D
e
ic
e
r
E
x
p
a
n
si
o
n
D
a
ta
0
.0
0
0
.2
0
0
.4
0
0
.6
0
0
.8
0
1
.0
0
1
.2
0
1
.4
0
1
.6
0
1
.8
0
2
.0
0
2
.2
0
2
.4
0
0
7
1
4
2
1
2
8
Expansion, %
A
ge
, D
ay
s
N
ew
 M
ex
ic
o
 A
gg
re
ga
te
3
M
 K
A
c
3
M
 K
A
c 
+ 
1
N
 N
aO
H
6
.4
M
 K
A
c
St
d
. A
ST
M
 C
 1
2
6
0
1
N
 N
aO
H
 
p
re
sa
tu
ra
ti
o
n
F
ig
u
re
1:
D
ei
ce
r
E
x
p
an
si
on
d
at
a
fo
r
N
ew
M
ex
ic
o
ag
gr
eg
at
e
89
0
.0
0
0
.1
0
0
.2
0
0
.3
0
0
.4
0
0
.5
0
0
.6
0
0
.7
0
0
.8
0
0
.9
0
1
.0
0
0
7
1
4
2
1
2
8
Expansion, %
A
ge
, D
ay
s
N
o
rt
h
 C
ar
o
lin
a 
A
gg
re
ga
te
 
3
M
 K
A
c 
+ 
1
N
 N
aO
H
6
.4
M
 K
A
c
1
N
 N
aO
H
 
p
re
sa
tu
ra
ti
o
n
St
d
. A
ST
M
 C
 1
2
6
0
3
M
 K
A
c
F
ig
u
re
2:
D
ei
ce
r
E
x
p
an
si
on
d
at
a
fo
r
N
or
th
C
ar
ol
in
a
ag
gr
eg
at
e
90
0
.0
0
0
.1
0
0
.2
0
0
.3
0
0
.4
0
0
.5
0
0
.6
0
0
.7
0
0
.8
0
0
.9
0
1
.0
0
0
7
1
4
2
1
2
8
Expansion, %
A
ge
, D
ay
s
Sp
ra
tt
  A
gg
re
ga
te
6
.4
M
 K
A
c
1
N
 N
aO
H
 
p
re
sa
tu
ra
ti
o
n
3
M
 K
A
c 
+ 
1
N
 N
aO
H
St
d
. A
ST
M
 C
 1
2
6
0
3
M
 K
A
c
F
ig
u
re
3:
D
ei
ce
r
E
x
p
an
si
on
d
at
a
fo
r
S
p
ra
tt
ag
gr
eg
at
e
91
0
.0
0
0
.1
0
0
.2
0
0
.3
0
0
.4
0
0
.5
0
0
.6
0
0
.7
0
0
.8
0
0
.9
0
1
.0
0
0
7
1
4
2
1
2
8
Expansion, %
A
ge
, D
ay
s
So
u
th
 D
ak
o
ta
 A
gg
re
ga
te
 
6
.4
M
 K
A
c
1
N
 N
aO
H
 
p
re
sa
tu
ra
ti
o
n
3
M
 K
A
c 
+ 
1
N
 N
aO
H
St
d
. A
ST
M
 C
 1
2
6
0
3
M
 K
A
c
F
ig
u
re
4:
D
ei
ce
r
E
x
p
an
si
on
d
at
a
fo
r
S
ou
th
D
ak
ot
a
ag
gr
eg
at
e
92
0
.0
0
0
.1
0
0
.2
0
0
.3
0
0
.4
0
0
.5
0
0
.6
0
0
.7
0
0
.8
0
0
.9
0
1
.0
0
0
7
1
4
2
1
2
8
Expansion, %
A
ge
, D
ay
s
G
ra
n
d
 Is
la
n
d
, N
E 
6
.4
M
 K
A
c
3
M
 K
A
c 
+ 
1
N
 N
aO
H
1
N
 N
aO
H
 p
re
sa
tu
ra
ti
o
n
"C
o
n
tr
o
l
3
M
 K
A
c
F
ig
u
re
5:
D
ei
ce
r
E
x
p
an
si
on
d
at
a
fo
r
G
ra
n
d
Is
la
n
d
,N
E
.
ag
gr
eg
at
e
93
0
.0
0
0
.1
0
0
.2
0
0
.3
0
0
.4
0
0
.5
0
0
.6
0
0
.7
0
0
.8
0
0
.9
0
1
.0
0
0
7
1
4
2
1
2
8
Expansion, %
A
ge
, D
ay
s
In
d
ia
n
o
la
, N
E 
6
.4
M
 K
A
c
"C
o
n
tr
o
l
3
M
 K
A
c 
+ 
1
N
 N
aO
H
1
N
 N
aO
H
 p
re
sa
tu
ra
ti
o
n
3
M
 K
A
c
F
ig
u
re
6:
D
ei
ce
r
E
x
p
an
si
on
d
at
a
fo
r
In
d
ia
n
ol
a,
N
E
.
ag
gr
eg
at
e
94
0
.0
0
0
.1
0
0
.2
0
0
.3
0
0
.4
0
0
.5
0
0
.6
0
0
.7
0
0
.8
0
0
.9
0
1
.0
0
0
7
1
4
2
1
2
8
Expansion, %
A
ge
, D
ay
s
C
u
llo
m
, N
E 
6
.4
M
 K
A
c
"C
o
n
tr
o
l
3
M
 K
A
c 
+ 
1
N
 N
aO
H
1
N
 N
aO
H
 
p
re
sa
tu
ra
ti
o
n
3
M
 K
A
c
F
ig
u
re
7:
D
ei
ce
r
E
x
p
an
si
on
d
at
a
fo
r
C
u
ll
om
,N
E
.
ag
gr
eg
at
e
95
0
.0
0
0
.1
0
0
.2
0
0
.3
0
0
.4
0
0
.5
0
0
.6
0
0
.7
0
0
.8
0
0
.9
0
1
.0
0
0
7
1
4
2
1
2
8
Expansion, %
A
ge
, D
ay
s
Sc
o
tt
s 
b
lu
ff
 , 
N
E 
C
o
n
tr
o
l
3
M
 K
A
c 
+ 
1
N
 N
aO
H
1
N
 N
aO
H
 P
re
-
sa
tu
ra
ti
o
n
6
.4
 M
 K
A
c
3
M
 K
A
c
F
ig
u
re
8:
D
ei
ce
r
E
x
p
an
si
on
d
at
a
fo
r
S
co
tt
sb
lu
ff
,N
E
.
ag
gr
eg
at
e
96
0
.0
0
0
.1
0
0
.2
0
0
.3
0
0
.4
0
0
.5
0
0
.6
0
0
.7
0
0
.8
0
0
.9
0
1
.0
0
0
7
1
4
2
1
2
8
Expansion, %
A
ge
, D
ay
s
G
al
e
n
a 
R
o
ad
 G
ra
ve
l,
 Il
lin
o
is
6
.4
M
 K
A
c
1
N
 N
aO
H
 
p
re
sa
tu
ra
ti
o
n
3
M
 K
A
c 
+ 
1
N
 N
aO
H
"C
o
n
tr
o
l
3
M
 K
A
c
F
ig
u
re
9:
D
ei
ce
r
E
x
p
an
si
on
d
at
a
fo
r
G
al
en
a,
IL
.
ag
gr
eg
at
e
97
0
.0
0
0
.1
0
0
.2
0
0
.3
0
0
.4
0
0
.5
0
0
.6
0
0
.7
0
0
.8
0
0
.9
0
1
.0
0
0
7
1
4
2
1
2
8
Expansion, %
A
ge
, D
ay
s
G
at
ew
ay
 S
&
G
 L
td
.,
 Il
lin
o
is
 
6
.4
M
 K
A
c
1
N
 N
aO
H
 
p
re
sa
tu
ra
ti
o
n
3
M
 K
A
c 
+ 
1
N
 N
aO
H
"C
o
n
tr
o
l
3
M
 K
A
c
F
ig
u
re
10
:
D
ei
ce
r
E
x
p
an
si
on
d
at
a
fo
r
G
at
ew
ay
,
IL
.
ag
gr
eg
at
e
98
0
.0
0
0
.1
0
0
.2
0
0
.3
0
0
.4
0
0
.5
0
0
.6
0
0
.7
0
0
.8
0
0
.9
0
1
.0
0
0
7
1
4
2
1
2
8
Expansion. %
A
ge
, D
ay
s
H
o
rs
ey
 P
la
n
t 
II
, D
e
la
w
ar
e
 
6
.4
M
 K
A
c
1
N
 N
aO
H
 p
re
sa
tu
ra
ti
o
n
3
M
 K
A
c 
+ 
1
N
 N
aO
H
"C
o
n
tr
o
l
3
M
 K
A
c
F
ig
u
re
11
:
D
ei
ce
r
E
x
p
an
si
on
d
at
a
fo
r
H
or
se
y
P
la
n
t,
D
L
.
ag
gr
eg
at
e
99
0
.0
0
0
.1
0
0
.2
0
0
.3
0
0
.4
0
0
.5
0
0
.6
0
0
.7
0
0
.8
0
0
.9
0
1
.0
0
0
7
1
4
2
1
2
8
Expansion, %
A
ge
, D
ay
s
K
e
n
t,
 D
e
la
w
ar
e
 
6
.4
M
 K
A
c
1
N
 N
aO
H
 
p
re
sa
tu
ra
ti
o
n
3
M
 K
A
c 
+ 
1
N
 N
aO
H
"C
o
n
tr
o
l
3
M
 K
A
c
F
ig
u
re
12
:
D
ei
ce
r
E
x
p
an
si
on
d
at
a
fo
r
K
en
t,
D
L
.
ag
gr
eg
at
e
100
0
.0
0
0
.1
0
0
.2
0
0
.3
0
0
.4
0
0
.5
0
0
.6
0
0
.7
0
0
.8
0
0
.9
0
1
.0
0
0
7
1
4
2
1
2
8
Expansion, %
A
ge
, D
ay
s
Yo
rk
, D
e
lw
ar
e
 
6
.4
M
 K
A
c
1
N
 N
aO
H
 p
re
sa
tu
ra
ti
o
n
3
M
 K
A
c 
+ 
1
N
 N
aO
H
"C
o
n
tr
o
l
3
M
 K
A
c
F
ig
u
re
13
:
D
ei
ce
r
E
x
p
an
si
on
d
at
a
fo
r
Y
or
k
,
D
L
.
ag
gr
eg
at
e
101
0
.0
0
0
.1
0
0
.2
0
0
.3
0
0
.4
0
0
.5
0
0
.6
0
0
.7
0
0
.8
0
0
.9
0
1
.0
0
0
7
1
4
2
1
2
8
Expansion, %
A
ge
, D
ay
s
O
xf
o
rd
, M
as
sa
ch
u
se
tt
s
6
.4
M
 K
A
c
1
N
 N
aO
H
 
p
re
sa
tu
ra
ti
o
n
3
M
 K
A
c 
+ 
1
N
 N
aO
H
"C
o
n
tr
o
l
3
M
 K
A
c
F
ig
u
re
14
:
D
ei
ce
r
E
x
p
an
si
on
d
at
a
fo
r
O
x
fo
rd
,
M
A
.
ag
gr
eg
at
e
102
0
.0
0
0
.1
0
0
.2
0
0
.3
0
0
.4
0
0
.5
0
0
.6
0
0
.7
0
0
.8
0
0
.9
0
1
.0
0
0
7
1
4
2
1
2
8
Expansion, %
A
ge
, D
ay
s
Sw
am
p
sc
o
tt
, M
as
sa
ch
u
se
tt
s
6
.4
M
 K
A
c
1
N
 N
aO
H
 
p
re
sa
tu
ra
ti
o
n
3
M
 K
A
c 
+ 
1
N
 N
aO
H
"C
o
n
tr
o
l
3
M
 K
A
c
F
ig
u
re
15
:
D
ei
ce
r
E
x
p
an
si
on
d
at
a
fo
r
S
w
am
p
sc
ot
t,
M
A
.
ag
gr
eg
at
e
103
0
.0
0
0
.1
0
0
.2
0
0
.3
0
0
.4
0
0
.5
0
0
.6
0
0
.7
0
0
.8
0
0
.9
0
1
.0
0
0
7
1
4
2
1
2
8
Expansion, %
A
ge
, D
ay
s
Ta
u
n
to
n
, M
as
sa
ch
u
se
tt
s
6
.4
M
 K
A
c
1
N
 N
aO
H
 
p
re
sa
tu
ra
ti
o
n
3
M
 K
A
c 
+ 
1
N
 N
aO
H
"C
o
n
tr
o
l
3
M
 K
A
c
F
ig
u
re
16
:
D
ei
ce
r
E
x
p
an
si
on
d
at
a
fo
r
T
au
n
to
n
,
M
A
.
ag
gr
eg
at
e
104
Appendix C Pre-saturation process of aggregates
Table 22: Water absorption of Fine aggregates as per ASTM C 128 test method
Aggregate Sources SSD
Weight
(gms)
Oven Dry
Weight
(gms)
Water
Absorp-
tion (%)
New Mexico 501.2 494.8 1.29
North Carolina 499 495.7 0.67
South Dakota 505.2 499 1.24
Spratt, CANADA 501.5 493.6 1.60
Scotts Bluff, NE 508.5 495.5 2.62
Grand Island, NE 497.9 494.1 0.77
Indianola, NE 519.8 499.9 3.98
Cullom, NE 500.7 496.9 0.76
Galena Gravel, IL 523.1 498.8 4.87
Gateway S&G, IL 515.1 498.5 3.33
Kent, MD 507.3 493.2 2.86
York, MD 503.8 498.4 1.08
Horsey Plant, DL 516 498.3 3.55
Oxford Quarry, MA 509.8 498.1 2.35
Swampscott, MA 499.4 496.4 0.60
Taunton, MA 497.8 493.3 0.91
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